The paper compares the achievements of quantum well infrared photodetector ͑QWIP͒ technology with those of competitive technologies, with the emphasis on the material properties, device structure, and their impact on focal plane array ͑FPA͒ performance. Special attention is paid to two competitive technologies, QWIP and HgCdTe, in the long-wavelength IR ͑LWIR͒ and very-long-wavelength IR ͑VLWIR͒ spectral ranges. Because so far, the dialogue between the QWIP and HgCdTe communities is limited, the paper attempts to settle the main issues of both technologies. Such an approach, however, requires the presentation of fundamental limits to the different types of detectors, which is made at the beginning. To write the paper more clearly for readers, many details are included in the Appendix. In comparative studies both photon and thermal detectors are considered. Emphasis is placed on photon detectors. In this group one may distinguish HgCdTe photodiodes, InSb photodiodes, and doped silicon detectors. The potential performance of different materials as infrared detectors is examined utilizing the ␣/G ratio, where ␣ is the absorption coefficient and G is the thermal generation rate. It is demonstrated that LWIR QWIP's cannot compete with HgCdTe photodiodes as single devices, especially at higher operating temperatures ͑Ͼ70 K͒. This is due to the fundamental limitations associated with intersubband transitions. The advantage of HgCdTe is, however, less distinct at temperatures lower than 50 K due to problems inherent in the HgCdTe material ͑p-type doping, Shockley-Read recombination, trap-assisted tunneling, surface and interface instabilities͒. Even though QWIP is a photoconductor, several of its properties, such as high impedance, fast response time, long integration time, and low power consumption, comply well with the requirements imposed on the fabrication of large FPA's. Due to a high material quality at low temperatures, QWIP has potential advantages over HgCdTe in the area of VLWIR FPA applications in terms of array size, uniformity, yield, and cost of the systems. The performance figures of merit of state-of-the-art QWIP and HgCdTe FPA's are similar because the main limitations come from the readout circuits. Performance is, however, achieved with very different integration times. The choice of the best technology is therefore driven by the specific needs of a system. In the case of readout-limited detectors a low photoconductive gain increases the signal-to-noise ratio and a QWIP FPA can have a better noise equivalent difference temperature than an HgCdTe FPA with a charge well of similar size. Both HgCdTe photodiodes and QWIP's offer multicolor capability in the MWIR and LWIR range. Powerful possibilities offered by QWIP technology are associated with VLWIR FPA applications and with multicolor detection. The intrinsic advantage of QWIP's in this niche is due to the relative ease of growing multicolor structures with a very low defect density.
I. INTRODUCTION
Since the initial proposal by Esaki and Tsu 1 and the advent of molecular beam epitaxy ͑MBE͒, interest in semiconductor superlattices ͑SL's͒ and quantum well ͑QW͒ structures has increased continuously over the years, driven by technological challenges and new physical concepts and phenomena as well as promising applications. A new class of materials and heterojunctions with unique electronic and optical properties has been developed. Here we focus on devices which involve infrared ͑IR͒ excitation of carriers in quantum wells. A distinguishing feature of QW infrared detectors is that they can be implemented in chemically stable wideband-gap materials as a result of the use of intraband processes. Among the different types of quantum well infrared photodetectors ͑QWIP's͒, the technology of GaAs/AlGaAs multiple-quantum-well ͑MQW͒ detectors is the most mature. 2 Rapid progress has been made recently in the performance of these detectors. Detectivities have improved dramatically and they are now high enough for the fabrication of large ͑e.g., 640ϫ486 and 640ϫ512) focal plane arrays ͑FPA's͒ with a long-wavelength IR ͑LWIR͒ imaging performance comparable to that of state-of-the-art HgCdTe detectors. [3] [4] [5] At present, HgCdTe is a variable-gap semiconductor most often used in the production of IR photodetectors. Over the last 40 years it has successfully fought off major challenges from extrinsic silicon and lead-tin telluride devices. Despite that, however, it has more competitors today than ever before. These include Schottky barriers on silicon, SiGe heterojunctions, AlGaAs multiple quantum wells, GaInSb strain layer superlattices, high-temperature superconductors, and especially two types of thermal detectors: pyroelectric detectors and silicon bolometers. It is interesting, however, that none of these is competitive in terms of fundamental properties. They may promise to be more easily manufactured, but never to provide higher performance or, with the exception of thermal detectors, to operate at higher or even comparable temperatures.
The main motivation to replace HgCdTe is the technological difficulties associated with this material. One of them is the weak Hg-Te bond resulting in bulk, surface, and interface instabilities. Uniformity and yield are still unresolved issues. Slow progress in the development of large photovoltaic HgCdTe infrared imaging arrays and the rapid achievements of novel semiconductor heterostructure systems have made it more difficult to predict what types of arrays will be readily available for future system applications. For spaceborne surveillance systems, low-background IR seeker/ tracker systems as well as reliable and affordable sensors with long life are needed which can function effectively at temperatures higher than 20-30 K currently required by bulk photon detectors. The only alternative to HgCdTe that has been available so far was extrinsic Si which operates at much lower temperatures where a problematic three-stage cryocooler would be required. Improvement in surveillance sensors and interceptor seekers requires highly uniform and multicolor ͑or multispectral͒ large-area IR FPA's operating in the LWIR and very-long-wavelength IR ͑VLWIR͒ regions. Among the competing technologies there are the QWIP's based on lattice matched GaAs/AlGaAs and strained layer InGaAs/AlGaAs material systems.
In this paper we discuss the performance of QWIP's as compared to other types of IR detectors including both photon and thermal detectors. As the QWIP detector is a photon detector, more attention is paid in our comparative studies to this family of detectors, especially to HgCdTe photodiodes. InSb photodiodes and doped silicon detectors are considered too. The potential performance of different materials is examined by utilizing the ␣/G ratio, where ␣ is the absorption coefficient and G is the thermal generation rate.
The first part of the paper is devoted to different types of detectors operating as single devices. In the second part, such FPA issues as array size, uniformity, operability, multicolor capability, and system prices are discussed. The discussion is Chopping frequency is 1000 Hz for all detectors except the thermopile ͑10 Hz͒, thermocouple ͑10 Hz͒, thermistor bolometer ͑10 Hz͒, Golay cell ͑10 Hz͒, and pyroelectric detector ͑10 Hz͒. Each detector is assumed to view a surrounding hemisphere at a temperature of 300 K. Theoretical curves for the background-limited D* for ideal photovoltaic and photoconductive detectors and thermal detectors are also shown.
mainly concentrated on two competitive technologies, QWIP and HgCdTe. In such a way, the paper attempts to settle the main issues of both technologies. To present the material more clearly for readers, many details are included in the Appendix.
II. FUNDAMENTAL LIMITS TO INFRARED DETECTOR PERFORMANCE
Spectral detectivity curves for a number of available IR detectors are shown in Fig. 1 . The wavelengths of the two atmospheric windows, 3-5 m ͓medium-wavelength IR ͑MWIR͔͒ and 8 -14 m ͑LWIR͒, are the most interesting ͑atmospheric transmission is the highest in these windows and the room-temperature emissivity reaches its maximum at Ϸ10 m͒. It should be noted, however, that in recent years interest in longer wavelengths has been steadily increasing, stimulated by space applications.
Depending on the detection mechanisms, the nature of the interaction and material properties, various types of detectors have different characteristics. These characteristics result in advantages and disadvantages when the detectors are used in field applications. [6] [7] [8] [9] Table I shows a comparison of various IR detectors.
In the class of photon detectors, radiation is absorbed within the material by means of interactions with free electrons or those bound either to lattice atoms or to impurity atoms. The observed electrical output signal results from the changed electron energy distribution. The response of photon detectors per unit incident radiation power depends selectively on wavelength. These detectors exhibit both perfect signal-to-noise performance and a very fast response. To achieve this, photon detectors require, however, cryogenic cooling. Photon detectors with long-wavelength limits exceeding approximately 3 m are usually cooled. This is necessary to prevent thermal generation of charge carriers. Thermal transitions compete with optical ones, making noncooled devices very noisy. Cooling is the main obstacle to a more widespread use of IR systems based on semiconductor photodetectors because it makes them bulky, heavy, expensive, and inconvenient to use.
Depending on the nature of the interaction, the class of photon detectors is further sub-divided into different types as shown in Table I . The most important are intrinsic detectors, extrinsic detectors, photoemissive ͑metal silicide Schottky barriers͒ detectors, and quantum well detectors. Depending on how the electric or magnetic fields are developed, there are various modes such as photoconductive, photovoltaic, photoelectromagnetic ͑PEM͒, and photoemissive ones. Each material system can be used in different modes of operation. In this paper, we focus on photodiodes and photoconductive detectors.
The second class of IR detectors is composed of thermal detectors. In a thermal detector the incident radiation is absorbed to change the temperature of the material, and the resultant change in a certain physical property is used to generate an electrical output. The detector is suspended on legs which are connected to the heat sink. The signal does not depend upon the photonic nature of the incident radiation. Thus, thermal effects are generally wavelength independent; the signal depends upon the radiant power ͑or its rate of change͒ but not upon its spectral content. This would mean that the mechanism responsible for the absorption of radiation is itself wavelength independent, which is not strictly true in most cases. Three approaches are most widely applied in infrared technology: namely, bolometers, pyroelectric, and thermoelectric effects. In pyroelectric detectors, a change in the internal electrical polarization is measured, whereas in thermistor bolometers a change in the electrical resistance is measured. In contrast to photon detectors, thermal detectors typically operate at room temperature. They are usually characterized by modest sensitivity and slow response ͑because heating and cooling of the detector is a relatively slow process͒, but they are cheap and easy to use. They have found widespread use in low cost applications that do not require high performance and speed. Being unselective, they are frequently used in IR spectrometers. Uncooled FPA's fabricated currently from thermal detectors have revolutionized the development of thermal imagers.
10,11
A. General theory of photon detectors
A photodetector is a slab of homogeneous semiconductor with an actual ''electrical'' area A e . It is coupled to a beam of infrared radiation by its optical area A o ͑Fig. 2͒. Usually, the optical and electrical areas of the device are the same or close to each other. The use of optical concentrators may increase the A o /A e ratio.
The current responsivity of a photodetector is determined by the quantum efficiency and by the photoelectric gain g. The quantum efficiency value describes how well the detector is coupled to the radiation to be detected. It is usually defined as the number of electron-hole pairs generated per incident photon. The idea of photoconductive gain g was put forth by Rose 12 as a simplifying concept for the understanding of photoconductive phenomena and is now widely used in the field. The photoelectric gain is the number of carriers crossing the contacts per generated pair and it is defined simply as the ratio of the photoelectron lifetime to the transit time. This value shows how well the generated electron-hole pairs are used to generate the current response of a photodetector. Both and g are assumed here to be constant over the volume of the device.
The spectral current responsivity is equal to
where is the wavelength, h is Planck's constant, c is the light velocity, and q is the electron charge. Assuming that the current gain for photocurrent and noise current is the same, the current noise due to the generation and recombination processes is 12 I n 2 ϭ2͑GϩR ͒A e t⌬ f q 2 g 2 , ͑2͒
where G and R are the generation and recombination rates, ⌬f is the frequency band, and t is the thickness of the detector.
The detectivity D* is the main parameter characterizing the normalized signal-to-noise performance of detectors and can be defined as
According to Eqs. ͑1͒-͑3͒,
.
͑4͒
For a given wavelength and operating temperature, the highest performance can be obtained by maximizing /͓t(GϩR)͔ 1/2 which corresponds to the condition of the highest ratio of the sheet optical generation to the square root of sheet thermal generation and recombination. This means that high quantum efficiency must be obtained in a thin device. For a given wavelength and operating temperature, the performance may be increased by reducing the total number of generation and recombination acts which is (GϩR) ϫ(A e t).
In further considerations we put A o /A e ϭ1. Assuming a single pass of the radiation and negligible frontside and backside reflection coefficients, the quantum efficiency and detectivity are ϭ1Ϫexp͑Ϫ␣t͒,
where ␣ is the absorption coefficient. The highest detectivity is obtained for tϭ1. 26 
where 1рkр2, and k is dependent on the contribution of recombination and backside reflection. The ratio of the absorption coefficient to the thermal generation rate, ␣/G, is the fundamental figure of merit of any material intended for infrared photodetectors. It determines directly the detectivity limits of the devices. This figure should be used to assess any potential material.
An optimized photodetector should consist of the following: 14 ͑i͒ A lightly doped active ͑base͒ region, which acts as an absorber of IR radiation. Its band gap, doping, and geometry should be precisely selected. The surface of the active region must be insulated from the ambient by a material that does not contribute to the generation of carriers; in addition, the carriers which are optically generated in the absorber should be kept away from the surfaces where recombination can reduce the quantum efficiency.
͑ii͒ Electric contacts to the base region which sense optically generated charge carriers and should not contribute to the dark current of the device, ͑iii͒ A backside mirror for double pass of IR radiation.
The above conditions may be fulfilled by using heterojunctions like N ϩ -p -p ϩ and P ϩ -n -n ϩ with heavily doped contact regions ͑symbol ''ϩ'' denotes strong doping; capital letter, wider gap͒. Homojunction devices ͑like n -p, n ϩ -p, p ϩ -n) suffer from surface problems; excess thermal generation results in increased dark current and recombination, which in turn, reduce the photocurrent.
The total generation rate is the sum of the optical and thermal generation rates GϭG th ϩG op . ͑10͒
To achieve high performance, thermal generation must be suppressed to the lowest level possible. This is usually done with cryogenic cooling. For practical purposes, the ideal situation occurs when thermal generation is reduced below optical generation. The requirements for the thermal generation rate may be highly reduced in heterodyne systems, in which optical excitation by the local oscillator can dominate the generation, even in conditions of high thermal generation. Optical generation may be due to the signal or background radiation. For infrared detectors, background radiation is usually higher compared to signal radiation. If thermal generation is reduced much below the background level, the performance of the device is determined by the background radiation ͑BLIP conditions for background limited infrared photodetector͒. This condition may be described as
Ͼn th , ͑11͒
where n th is the density of thermal carriers at temperature T, is the carrier lifetime, and ⌽ B is the total background photon flux density ͑unit cm Ϫ2 s 1 ) reaching the detector. Rearranging Eq. ͑11͒ we obtain the BLIP requirements i.e., the photon generation rate needs to be greater than the thermal generation rate. Either majority or minority carriers can be considered. The direct band gap semiconductor photodiode is a minority carrier device and in thermal equilibrium
where n i is the intrinsic carrier concentration and n ma j is the majority carrier concentration. The ultimate limit on carrier lifetime in a direct gap semiconductor is given by band-toband recombination, by either radiative or Auger processes. Humphreys indicated 15 that the van Roosbroeck-Shockley theory of radiative recombination underestimates the radiative lifetime due to noiseless photon reabsorption. As a result, Auger recombination is the dominant process in narrow gap semiconductors like HgCdTe ternary alloy, for example.
The extrinsic semiconductor photoconductor is strictly a majority carrier device.
The background limited detectivity or, the so-called, ''photovoltaic'' BLIP detectivity is given by 16, 17 
͑14͒ D BLIP * for photoconductors is ͱ2 times lower that for photodiodes. This is attributable to the recombination process in photoconductors which is uncorrelated with the generation process contributing to the detector noise. The background photon flux density received by the detector depends on its angular field of view ͑FOV͒ of the background and on its ability to respond to the wavelengths contained in the source. Plots of D BLIP * as a function of wavelength for T BLIP ϭ300 K and for full 2 FOV are shown in Fig. 1 .
B. General theory of thermal detectors
Thermal detectors operate on the simple principle that, when heated by incoming IR radiation, their temperature increases and the temperature changes are measured by any temperature-dependent mechanism such as thermoelectric voltage, resistance, and pyroelectric voltage. The simplest representation of the thermal detector is shown in Fig. 3 . The detector with the emissivity ⑀ is represented by a thermal capacitance C th coupled via thermal conductance G th to a heat sink at a constant temperature T. In the absence of a radiation input, the average temperature of the detector will also be T, although it will exhibit fluctuations around this value. When a radiation input is received by the detector, the temperature rise is found by solving the heat balance equa- tion. Assuming the radiant power to be a periodic function, the change in the temperature of any thermal detector due to the incident radiative flux is 16, 18 
illustrates several features of thermal detectors. Clearly it is advantageous to make ⌬T as large as possible. To do this, the thermal capacity of the detector (C th ) and its thermal coupling to its surroundings (G th ) must be as small as possible. The interaction of the thermal detector with the incident radiation should be optimized while reducing, as far as possible, all other thermal contacts with its surroundings. This means that a small detector mass and fine connecting contacts to the heat sink are desirable.
The characteristic thermal response time of a detector may be defined as th ϭ C th G th ϭC th R th , ͑16͒
where R th ϭ1/G th is the thermal resistance. The values of the thermal time constant are typically in the millisecond range. This is much longer than the typical time of a photon detector. There is a trade-off between sensitivity ⌬T and frequency response. If one wants a high sensitivity, a low-frequency response is then forced upon the detector.
For further discussion we introduce the coefficient K ϭ⌬V/⌬T that reflects the efficiency with which the temperature changes translate into the electrical output voltage of a detector.
The voltage responsivity R v of the detector is the ratio of the output signal voltage ⌬V to the input radiation power and is given by
͑17͒
In order to determine the detectivity of the detector, the noise mechanism must be known first. The Johnson noise is one of the major noises. Two other fundamental noises are important for assessing the ultimate performance of a detector, namely the thermal fluctuation noise and the background fluctuation noise.
The thermal fluctuation noise arises from temperature fluctuations in the detector. These fluctuations are caused by heat conductance variations between the detector and the surrounding substrate with which the detector is in thermal contact.
The spectral noise voltage due to temperature fluctuations is 16, 18 V th
The third noise is the background noise resulting from radiative heat exchange between the detector at temperature T d and the surrounding environment at temperature T b . It is the ultimate limit of a detector's performance capability and for a 2 FOV is given by 16, 18 
where is the Stefan-Boltzmann constant. The fundamental limit of the sensitivity of any thermal detector is determined by the temperature fluctuation noise, i.e., random fluctuations of the detector temperature due to the fluctuations of the radiant power exchange between the detector and its surroundings. Under this condition we have at low frequencies (Ӷ1/ th )
͑20͒
It is assumed here that ⑀ is independent of the wavelength, so that the spectral D * and blackbody D*͑T͒ values are identical. If the radiant power exchange is the dominant heat exchange mechanism, then G is the first derivative of the Stefan-Boltzmann function with respect to temperature. In that case, known as the background fluctuation noise limit, we have
͑21͒
Note that D b * is, as expected, independent of A.
Equations ͑20͒ and ͑21͒ assume that the detector receives the background radiation from all directions when the temperature of the detector and background are equal, and from the forward hemisphere only when the detector is at cryogenic temperatures. The highest possible D* to be expected for a thermal detector operating at room temperature and viewing a background at room temperature is 1.98 The performance achieved by any real detector will be inferior to that predicted by Eq. ͑21͒. The degradation of performance will arise from ͑i͒ encapsulation of the detector ͑reflection and absorption losses at the window͒, ͑ii͒ effects of excess thermal conductance ͑influence of electrical contacts, conduction through the supports, influence of any gas: conduction and convection͒, or ͑iii͒ additional noise sources.
Typical values of the detectivities of thermal detectors at 10 Hz range from 10 8 to 10 9 cm Hz 1/2 W Ϫ1 .
C. Comparison of the fundamental limits of thermal and photon detectors
The temperature dependence of the fundamental limits of D* of photon and thermal detectors at different levels of background are shown in Fig. 4 . As seen the performance of intrinsic IR detectors ͑HgCdTe photodiodes͒ in the LWIR spectral range is higher than that of other types of photon detectors. HgCdTe photodiodes with a background limited performance operate at temperatures below Ϸ80 K. HgCdTe is characterized by a high optical absorption coefficient and quantum efficiency and a relatively low thermal generation rate compared to QWIP's and extrinsic silicon detectors. Both QWIP and silicon detectors are extrinsic in their character and require more cooling than intrinsic photon detectors having the same long-wavelength limit.
The ultimate detectivity value for thermal detectors is much less temperature dependent than for photon detectors. At temperatures below 50 K and zero background, LWIR thermal detectors are characterized by D* values lower that those of LWIR photon detectors. However, at temperatures above 60 K, thermal detectors perform better than photon ones. At room temperature, the performance of thermal detectors is much better than that of LWIR photon detectors. It is due to the influence of the fundamentally different types of noise ͑generation-recombination noise in photon detectors and temperature fluctuation noise in thermal detectors͒ that the dependences of the detectivity on the wavelength and temperature are different in these two classes of detectors. Photon detectors exhibit better performance at longwavelength infrared radiation and lower operating temperatures. Thermal detectors perform better in the very-longwavelength spectral range. The temperature requirements to attain the background-fluctuation-noise-limited performance, in general, favor thermal detectors at higher cryogenic temperatures and photon detectors at lower cryogenic temperatures.
The above relations, which are shown in Fig. 4 for a background of 10 17 photons/cm 2 s, are modified by the influence of the background. It is interesting to note that in this case the theoretical curves of D*for photon and thermal detectors show similar fundamental limits at low temperatures.
The relevant figure of merit for FPA's is the noise equivalent difference temperature ͑NEDT͒, which is the temperature change of a scene required to produce a signal equal to the rms noise ͑see Appendix A1͒. It is of interest to compare the performance of uncooled photon and thermal detectors in the MWIR (ϭ5 m͒ and LWIR (ϭ10 m͒ spectral range. We have followed the procedure used in a paper recently published by Kinch. grated charge provided by the detector dark current. Figure 5 shows that the ultimate performance of uncooled HgCdTe photon detectors is far superior to that of thermal detectors at wide frame rates and spectral bands. Also any other tunable band gap alloy, such as type-II InAs/ GaInSb superlattices, could be useful in the development of uncooled photon detector technology. 6, 22 The ultimate performance of InAs/InGaSb strain layer superlattice photodiodes with optimally doped base regions is comparable with that of HgCdTe photodiodes in the temperature range between 300 K and 77 K. 23 Comparing both curves for thermal detectors in Fig. 5 , we can see that for long integration times excellent performance can be achieved in the LWIR region with NEDT values below 10 mK for frame rates of 30 Hz. However, for snapshot systems with an integration time below 2 ms, the available NEDT is above 100 mK even in the LWIR region. In the MWIR band thermal detectors has obvious performance limitations at any frame rate. All QWIP's are based on ''band gap engineering'' of layered structures of wide-band-gap ͑relative to thermal IR energies͒ materials. These structures are designed in such a way that the energy separation between two selected states in the structure matches the energy of the infrared photons to be detected. Several QWIP configurations have been reported based on transitions from bound-to-extended states, boundto-quasicontinuum states, bound-to-quasibound states, and bound-to-miniband states. Figure 6 shows two detector configurations used in the fabrication of two-color QWIP FPA's. The major advantage of the bound-to-continuum QWIP ͓Fig. 6͑a͔͒ is that the photoelectron can escape from the quantum well to the continuum transport states without being required to tunnel through a barrier. As a result, the voltage bias required to efficiently collect the photoelectrons can be reduced dramatically, thereby lowering the dark current. Furthermore, since photoelectrons do not have to tunnel through them, the AlGaAs barriers can be made thicker without reducing the photoelectron collection efficiency. It appears that the dark current decreases significantly when the first excited state is dropped from the continuum to the well top, bound-toquasibound QWIP, without sacrificing the responsivity.
III. QWIP's VERSUS OTHER TYPES OF INFRARED PHOTODETECTORS
A miniband transport QWIP contains two bound states with the higher energy level being resonant with the ground state miniband in the superlattice barrier ͓see Fig. 6͑b͔͒ . In this approach, IR radiation is absorbed in the doped quantum wells, exciting an electron into the miniband and transporting it along the miniband until it is collected or recaptured into another quantum well. Thus, the operation of this miniband QWIP is analogous to that of a weakly coupled MQW bound-to-continuum QWIP. In this device structure, the continuum states above the barriers are replaced by a miniband of superlattice barriers. The miniband QWIP's show a lower photoconductive gain than bound-to-continuum QWIP's because photoexcited electron transport occurs in the miniband where electrons have to be transported through many thin heterobarriers resulting in a lower mobility.
The light-coupling scheme is a key factor in QWIP FPA performance. Different light-coupling mechanisms are used in QWIP's. A distinct feature of n-type QWIP's is that the optical absorption strength is proportional to an incident photon's electric-field polarization component normal to the quantum wells. This implies that a photon propagating in the direction normal to the quantum wells, whose polarization is entirely in the plane of the quantum wells, is not absorbed. Therefore, these detectors have to be illuminated through a 45°polished facet. For imaging, it is necessary to be able to couple light uniformly to two-dimensional ͑2D͒ arrays of these detectors, so a diffraction periodic grating 26 or other similar structure ͑such as random reflectors, 27 corrugated reflectors, 28 lattice mismatch strain material systems, and p-type materials 29 ͒ is typically fabricated on one side of the detector to redirect a normally incident photon into propagation angles more favorable for absorption.
Kinch and Yariv 30 presented the first investigation ever of the fundamental physical limitations of individual multiple-quantum-well IR detectors as compared to ideal HgCdTe detectors at c ϭ8.3 m and 10 m. The dark current in the QWIP is typically four to five orders of magnitude higher than in a direct-gap semiconductor with the same band gap and operating at the same temperature. For tactical background fluxes, this enables the operation of a direct-gap semiconductor at temperatures about 50°higher while offering the same performance as the QWIP. This issue can be alleviated somewhat by the use of resonant structures, which enable IR absorption for significantly thinner QWIP's at the expense of band spectral response, but the improvement is minimal. The dominant factor favoring HgCdTe in this comparison is the excess carrier lifetime, which for n-type HgCdTe is above 1 s at 80 K, compared to about 10 ps for the AlGaAs/GaAs superlattice. Several other papers 20, [31] [32] [33] [34] have been devoted to this issue.
A. ␣ÕG th ratio
The considerations presented in Sec. II A indicate that the ratio of the absorption coefficient to the thermal generation rate, ␣/G th , is the fundamental figure of merit of any material intended for IR photodetectors because it directly determines the detectivity limits of the devices. Figure 7 shows measured intrinsic absorption coefficients for various narrow-gap photodetector materials. The absorption coefficient and the corresponding penetration depth vary among different semiconductor materials. It is well known that the absorption curve for direct transitions between parabolic bands at a photon energy higher than the energy gap, E g , obeys a square-root law
where ␤ is a constant. As seen in Fig. 7 , the absorption edge value in the MWIR spectral region is between 2ϫ10 3 cm
Ϫ1
and 3ϫ10 3 cm Ϫ1 ; in the LWIR region it is about 10 3 cm Ϫ1 . Since ␣ is a strong function of the wavelength, the wavelength range in which an appreciable photocurrent can be generated is limited for a given semiconductor. Near the material's band gap, there is tremendous variation causing a three order of magnitude variation in absorption. In the region of the material's maximum usable wavelength the absorption efficiency drops dramatically. For wavelengths longer than the cutoff wavelength, the values of ␣ are too small to give appreciable absorption. Figure 8 shows the infrared absorption spectra obtained from different n-doped, 50-period GaAs/Al x Ga 1-x As QWIP structures. The measurements were carried out at room temperature using a 45°multipass waveguide geometry. The spectra of bound-to-bound continuum ͑B-C͒ QWIP's ͑samples A, B, and C͒ are much broader than those of boundto-bound ͑B-B͒ ͑sample E͒ or bound-to-quasibound ͑B-QB͒ QWIP's ͑sample F͒. Correspondingly, the value of the absorption coefficient of B-C QWIP's is significantly lower than that of B-B QWIP's. This is due to the conservation of oscillator strength. The values of the absorption coefficient at 77 K, peak wavelength p , cutoff wavelength c , and spectral width ⌬ ͑full width at half-␣ p ) are given in Table IV . It appears that the low-temperature absorption coefficient ␣ p ͑77 K͒Ϸ1.3␣ p ͑300 K͒ and ␣ p ͑⌬/͒/N D is a constant FIG. 8 . Absorption coefficient spectra measured at Tϭ300 K for different QWIP samples described in Table III. FIG. 9. ␣/G ratio versus temperature for LWIR ( c ϭ10 m͒ photon detectors. (N D is the well's doping͒. 2 Typical values of the absorption coefficient in the LWIR region are between 600 and 800 cm Ϫ1 at 77 K. Comparing Figs. 7 and 8 one may notice that the absorption coefficients for direct band-to-band absorption are higher than those for intersubband transitions.
The ␣/G ratio versus temperature is shown in Fig. 9 for different types of tunable materials with the hypothetical energy gap equal to 0.124 eV (ϭ10 m͒. The procedures used in the calculations of ␣/G for different materials are given in Appendixes A2-A5. It is apparent that HgCdTe is by far the most efficient detector of IR radiation. One may also notice that QWIP is a better material than extrinsic silicon. Figure 9 is complimented by Fig. 10 , where the ␣/G ratio in different materials is presented as a function of the wavelength at 77 K.
B. Quantum efficiency
HgCdTe has a direct-band-gap energy that translates to high radiative efficiency and may be tailored to absorb IR radiation at a wavelength of interest. When operating in the photovoltaic mode, the optical gain is close to unity and the responsivity is directly proportional to the quantum efficiency ͓see Eq. ͑1͔͒ of the photodiode. In this section is defined as the ratio of the number of photoexcited electrons collected by the readout integrated circuit ͑ROIC͒ to the number of photons incident at a detector surface. HgCdTe has high optical absorption and a wide absorption band irrespective of the polarization of the radiation, which greatly simplifies the detector array design. The quantum efficiency obtained routinely is around 70% without an antireflection ͑AR͒ coating and is in excess of 90% with an AR coating. Moreover, it is independent of the wavelength over the range from less than 1 m to near the cutoff of the detector. The wide-band spectral sensitivity with a near-perfect enables greater system collection efficiency and a smaller aperture to be obtained. This makes FPA's useful for imaging, spectral radiometry, and long-range target acquisition. It should be noticed, however, that the current LWIR staring array performance is mostly limited by the charge handling capacity of the ROIC and the background ͑warm optics͒.
Due to intersubband transitions in the conduction band, the n-type QWIP detection mechanism requires photons with a non-normal angle of incidence to provide proper polarization for photon absorption. The absorption quantum efficiency is relatively small ͑about 25%͒ with a 2D grating. Since QWIP is a photoconductive detector, the responsivity is proportional to the conversion efficiency-that is, the product of the absorption quantum efficiency and the optical gain. The optical gain of typical QWIP structures varies from 0.2 ͑in the case of 30-50 wells͒ to more than 1. This indicates that is typically below 10% at the maximum response, rapidly falling off in the direction of both short and long wavelengths. Figure 11 compares the spectral of a HgCdTe photodiode to that of a QWIP. A higher bias voltage is used to boost . However, an increase in the reverse bias voltage also causes an increase of the leakage current. This limits any potential improvement in the system performance.
New grating designs are under study to improve , such as an enhanced QWIP, antenna gratings, and corrugated gratings. 3, 4, 32 The strong dependence of the LWIR QWIP signal ͑and a weaker, but still significant dependence of the MWIR signal͒ on the polarization of the light is very important in future reconnaissance systems, because it offers the capability of discriminating between different polarization states. 35 The first polarization sensitive QWIP thermal imager has been assembled. 36 It should be stressed that, so far, most efforts in the area of QWIP's are focused on tactical applications, where the structure designs and the doping are optimized to increase the operating temperature and suit the readout charge handling capacity. It is well known that using a smaller number of quantum wells and bound-to-continuum structures, increased optical gain and improved detector performance at low temperatures are possible. Tidrow presented 37 a highperformance QWIP consisting of only three quantum wells with the conversion efficiencies up to 29% at a bias voltage of Ϫ0.8 V and a peak wavelength of 8.5 m.
C. Dark current and R 0 A product
In ideal photodiodes the diffusion current is dominant, therefore their leakage current is very low and insensitive to the detector bias. Leakage current is the primary contribution of unwanted noise. Figure 12 shows typical current-voltage characteristics of a HgCdTe photodiode at temperatures between 40 and 90 K for a 12 m cutoff detector at 40 K. The leakage current is less than 10 Ϫ5 A/cm 2 at 77 K. The biasindependent leakage current makes it easier to achieve better FPA uniformity, as well as to reduce the detector bias-control requirements during changes in photocurrent.
The dependence of the base region diffusion limited R 0 A product on the long-wavelength cutoff for p-on-n HgCdTe photodiodes at temperatures р77 K is shown in Fig. 13 . The solid lines are calculated by assuming that the performance of the photodiodes is determined by thermal generation governed by the Auger mechanism in the n-type base region with a thickness tϭ10 m and doping N d ϭ5ϫ10 14 cm Ϫ3 . At 77 K, the highest experimental data are still about 5 times lower than the ultimate theoretical predictions. As the operating temperature of the photodiodes is lowered, the discrepancy between the theoretical curves and experimental data increases, which is due to additional currents in the junctions.
Many additional excess mechanisms affect the dark current of HgCdTe photodiodes. 8 They arise from nonfundamental sources located in the base and cap layer, the depletion region and the surface. As the operating temperature is lowered, the thermal dark current mechanisms become weaker and allow other mechanisms to prevail. In practice, nonfundamental sources dominate the dark current of the present HgCdTe photodiodes, with the exception of specific cases of near room temperature devices and the highest quality 77 K LWIR and 200 K MWIR devices. The main leakage mechanisms of HgCdTe photodiodes are: generation in the depletion region, interband tunneling, trap-assisted tunneling, and impact ionization. Some of them are caused by structural defects in the p-n junction. These mechanisms receive much attention now, particularly because they determine ultimately the array uniformity and yield and cost for some applications, especially those with lower operating temperatures.
In Hg 1Ϫx Cd x Te photodiodes with xϷ0.22, the diffusion current in the zero-bias and low-bias regions is usually the dominant current down to 60 K. 39, 40 At medium values of reverse bias, the dark current is mostly due to trap-assisted tunneling. Trap-assisted tunneling dominates the dark current also at zero bias below 50 K. At high values of reverse bias, bulk band-to-band tunneling dominates. At low temperatures, such as 40 K, significant spreads in the R 0 A product distributions are typically observed due to the onset of tunneling currents associated with localized defects. Moreover, HgCdTe photodiodes often have an additional surface-related component of the dark current, 8 particularly at low temperatures.
Chen et al. 42 carried out a detailed analysis of the wide distribution of the R 0 values of HgCdTe photodiodes operating at 40 K. Figure 14 shows the cumulative distribution function R 0 obtained in devices with a cutoff wavelength between 9.4 and 10.5 m. It is clear that while some devices exhibit a fair operability with R 0 values spanning only two orders of magnitude, other devices show a poor operability with R 0 values spanning more than five to six orders of magnitude. Lower performance, with R 0 values below 7ϫ10 6 ⍀ at 40 K, is usually due to gross metallurgical defects, such as dislocation clusters and loops, pin holes, striations, Te inclusions, and heavy terracing. However, diodes with R 0 values between 7ϫ10 6 ⍀ and 1ϫ10 9 ⍀ at 40 K contained no visible defects ͑Hg interstitials and vacancies͒. Dislocations, twins and subgrain boundaries in LWIR n ϩ -p HgCdTe photodiodes primarily produce bias dependent dark current, while Te precipitation and associated dislocation multiplication produces bias dependent noise. 43 Dislocations are known to increase the dark current and the 1/f noise current. The reverse bias characteristics of HgCdTe diodes depend strongly on the density of dislocations intercepting the junction. Johnson et al. 41 showed that in the presence of high dislocations densities the R 0 A product decreases as the square of the dislocation density; the onset of the square dependence occurs at progressively lower dislocation densities as the temperature decreases, which is shown in Fig. 15͑a͒ . At 77 K, R 0 A begins to decrease at an etch-pit density ͑EPD͒ of approximately 10 6 cm Ϫ2 , while at 40 K R 0 A is immediately affected by the presence of one or more dislocations in the diode. The scatter in the R 0 A data at large EPD may be associated with the presence of an increased number of pairs of ''interacting'' dislocations in some of those diodes; these pairs are more effective in reducing the R 0 A than individual dislocations.
In general, the 1/f noise appears to be associated with the presence of potential barriers at the contacts, interior, or surface of the semiconductor. Different models have been proposed to explain experimental data including the modulation of the surface generation current by the fluctuations of the surface potential and the influence of trap-assisted tunneling across a pinched-off depletion region. 8 Johnson et al. 41 presented the effect of dislocations on the 1/f noise. Figure 15͑b͒ shows that, at low EPD, the noise current is dominated by the photocurrent, while at higher EPD the noise current varies linearly with EPD. It appears that dislocations are not the direct source of the 1/f noise, but rather increase this noise only through their effect on the leakage current. The 1/f noise current varies as I 0.76 ͑where I is the total diode current͒; similar to the fit of data taken on undamaged diodes.
The average value of the R 0 A product at 77 K for a 10-m cutoff HgCdTe photodiode at 77 K is around 300 ⍀ cm 2 Figure 16 shows the current mechanisms in a QWIP. At low tempera- tures (TϽ40 K, c ϭ10 m͒, the dark current is mostly caused by defect-related direct tunneling. In the medium operating range between 40 and 70 K ( c ϭ10 m͒, thermally assisted tunneling dominates. In this case, electrons are thermally excited and tunnel through the barriers with assistance from defects and the triangle part of the barrier at high bias. At temperatures higher than 70 K ( c ϭ10 m͒, thermally excited electrons are thermionically emitted and transported above the barriers. It is difficult to block this dark current without sacrificing the photoelectrons ͑transport mechanisms of thermionically emitted current and photocurrent are similar͒. Minimizing thermionically emitted current is critical to the commercial success of the QWIP as it allows highly desirable high-temperature camera operation. Dropping the first excited state to the top theoretically causes the dark current to drop by a factor of Ϸ6 at 70 K. This compares well with the fourfold drop experimentally observed for 9-m cutoff QWIP's. 47 The value of the QWIP dark current could be adjusted using different device structures, doping densities, and bias conditions. Figure 17 shows the I-V characteristics for temperatures ranging from 35 to 77 K, measured in a device at the 9.6-m spectral peak. It shows typical operation at 2 V applied bias in the slowly varying region of current with bias between the initial rise in current at low voltage and the later rise at high bias. Typical LWIR QWIP dark current is about 10 Ϫ4 A/cm 2 at 77 K. Thus, the same current in a 24ϫ24 m 2 pixel 47 will be in the nanoampere range. Comparing Figs. 12 and 17 we can see that a 9.6-m QWIP must be cooled to 60 K to have a leakage current comparable to that of a 12-m HgCdTe photodiode operating at the temperature higher by 25°.
Additional insight into the difference in the temperature dependence of the dark currents is given by Fig. 18 . Figure  18 shows the current density versus inverse temperature for a GaAs/AlGaAs QWIP and a HgCdTe photodiode, both with c ϭ10 m. The current densities of both detectors at temperatures lower than 40 K are limited by tunneling ͑tempera-ture independent͒. However, the current density of the QWIP is lower than that of the HgCdTe photodiode. The thermionic emission regime for the QWIP ͑у40 K͒ is highly temperature dependent, and ''cuts on'' very rapidly. At 77 K, the QWIP has a dark current which is approximately two orders of magnitude higher than that of the HgCdTe photodiode.
A QWIP typically operates at a bias voltage from 1 to 3 V depending on the structure and the number of periods. For the voltage divided by the dark current density, the R 0 A products are usually larger than 10 7 ⍀ cm 2 and 10 4 ⍀ cm 2 when operated at 40 K and 77 K, respectively. 32 These values indicate a very high impedance.
In low-background and low-temperature operating conditions, a QWIP operates very similarly to extrinsic bulk photoconductors. Electrons in the subbands of isolated quantum wells can be visualized as electrons attached to impurity states in bulk semiconductors. The photogenerated electrons depart from the doped, active QW region and leave behind a space-charge buildup. Thus, in order to operate a QWIP steadily, it requires a sufficient dark or background photocurrent to replenish the depleted QW's. This is not an issue for QWIP's operating at high background or high temperature conditions since refilling the space-charge buildup is easily provided. However, at a low operating temperature and a low background, the high resistivity of the barriers in the active region impedes electrons from entering the detector from the opposite electrode. As a result, a lower responsivity at high optical modulation is observed. To overcome this problem, a new detector structure, the blocked intersubband detector ͑BID͒ has been proposed. 50 In this structure, the active region of BID's consists of QW's separated by thin barriers, which creates subminibands due to the large overlap of sublevel wave functions. Thus, space-charge buildup will get quickly refilled by electrons via sequential resonant tunneling along the ground-state minband from the emitter contact layer. To suppress the current of the device, a thick blocking barrier is placed between the active region and the collector.
D. Detectivity
We can distinguish two types of detector noise: radiation noise and intrinsic noise. Radiation noise includes signal fluctuation noise and background fluctuation noise. For infrared detectors, background fluctuation noise is higher compared to the signal fluctuation noise. In photodiodes, the shot noise is usually the major type of noise.
In the case of QWIP's, the major source of noise is the dark current, which is a generation-recombination one. Due to high levels of the dark current, the Johnson noise is neglected in most cases, especially at high temperatures of operation. At a lower temperature and at smaller pixel sizes, the Johnson noise becomes comparable to the dark noise. Owing to stable surface properties, very low 1/f noise is observed in QWIP's.
For FPA's pattern noise ͑which results from local variation of the dark current, photoresponse, and cutoff wavelength͒ is the major limitation of array performance, especially at low temperatures. This type of noise may be considered as a nonuniformity appearing across the array. This nonuniformity does not vary with time and reflects the intrinsic properties of an FPA. The fixed pattern noise is lower in QWIP arrays than in HgCdTe arrays due to a higher material quality and better-controlled cutoff wavelength. Figure 19 compares the detectivities of p-on-n HgCdTe photodiodes with those of GaAs/AlGaAs QWIP's. The theoretical curves corresponding to HgCdTe photodiodes are calculated on the assumption of constant cutoff wavelengths of 10 m and 11 m. The /W. This appears to be consistent with the data including the enhanced QWIP formed by both patterning the multiple quantum wells and reducing the number of wells.
The above performance comparison of QWIP's with HgCdTe in the low temperature range is less favorable for photodiodes in the case of n ϩ -p structures. At low temperatures, the p-type HgCdTe material suffers from some nonfundamental limitations ͑contacts, surface, Schockley-Read processes͒ more than the n-type one. Including the influence of tunneling, the comparison of detectivity is more advantageous for GaAs/AlGaAs QWIP's in the spectral region below 14 m and at temperatures below 50 K ͑see Fig. 20͒ .
E. Background-limited performance
The BLIP temperature is defined as the temperature at which the dark current equals the background photocurrent, at a given a FOV and background temperature. In Fig. 21 , the calculated temperature required for background limited operation with a 30°FOV is shown as a function of the cutoff wavelength. We can see that the operating temperature of ''bulk'' intrinsic IR detectors ͑HgCdTe and PbSnTe͒ is higher than for other types of photon detectors. HgCdTe detectors with performance limited by background operate with thermoelectric coolers in the MWIR range. On the other hand, LWIR detectors (8р c р12 m͒ operate at Ϸ100 K. HgCdTe photodiodes can operate at temperatures higher than extrinsic detectors, silicide Schottky barriers, and QWIP's can. However, the cooling requirements for QWIP's with cutoff wavelengths below 10 m are less stringent than those for extrinsic detectors and Schottky barrier devices. Figure 22 shows both photon and dark current noise voltage for an 8.5-m cutoff QWIP and a 12-m cutoff HgCdTe FPA. For the purposes of comparison, the measurements are normalized to the same dark current levels by adjusting the readout gain. Due to a lower quantum efficiency and higher dark current, QWIP detectors become BLIP only at photons fluxes in excess of 2ϫ10 13 privileged position in the area of strategic and space applications, where longer-range detection at low backgrounds and sensitivity to longer wavelengths is required.
IV. FOCAL PLANE ARRAY PERFORMANCE
The combination of existing high-performance arrays and highly developed silicon integrated circuits in hybrid IR array/silicon planes have proved to be useful for thermal imaging systems with the thermal and spatial resolution unmatched by any competing technologies at present. In hybrid FPA's, detectors and multiplexers are fabricated on different substrates and mated with each other by flip-chip bonding ͑see Fig. 23͒ . In this case the detector material and the multiplexer may be optimized independently. Other advantages of hybrid FPA's are the near 100% fill factor and the increased signal-processing area on the multiplexer chip. The detector array can be illuminated either from the frontside ͑with the photons passing through the transparent silicon multiplexer͒ or from the backside ͑with photons passing through the transparent detector array substrate͒. In general, the latter approach is most advantageous, as the multiplexer will typically have areas of metallization, as well another opaque regions that may reduce the effective optical area of the structure. In HgCdTe hybrid FPA's, photovoltaic detectors are formed in a thin HgCdTe epitaxial layer on transparent CdTe or ZnCdTe substrates. In HgCdTe flip-chip hybrid technology, the maximum chip size is on the order of 18 ϫ18 mm 2 . 52 In order to overcome this problem, the PACE ͑Producible Alternative to CdTe for Epitaxy͒ technology is being developed with sapphire or silicon as the substrate for HgCdTe detectors. When using opaque materials, substrates must be thinned to 10-20 m in order to obtain sufficient quantum efficiencies and to reduce the cross talk.
Progress in the area of LWIR HgCdTe photodiodes has been relatively slow. In October 1992, in the U.S.A, a consortium was formed ͑with DARPA's support͒ to develop p-on-n double-layer heterostructure HgCdTe photodiode FPA's and two color arrays. 53 MBE makes HgCdTe more favorable for producing high-quality FPA's. 54 Currently, 128ϫ128, 256ϫ256, and 320ϫ256 LWIR arrays are commercially available, and such large formats as 640ϫ480 on silicon substrate have been demonstrated. 55 Also prototype MWIR/LWIR two-color assemblies with 128ϫ128 ͑Ref. 56͒ and 256ϫ256 ͑Ref. 57͒ pixel formats have been produced to acquire IR imagery. It should be noted, however, that array size, uniformity, reproducibility, and yield are still difficult issues, especially for low-temperature and low-background operation.
The relatively new QWIP technology has been developed very quickly in the last decade. Large-size LWIR GaAs/AlGaAs FPA's with up to 640ϫ480 (640ϫ512) pixels have been demonstrated 3-5,58 -64 with excellent uniformity and operability.
Among the cooled IR detector systems, only HgCdTe and QWIP offer wavelength flexibility and multicolor capabilities. Tables V and VI summarize the present status of the performance of both detector systems.
A. Uniformity
As was discussed by Levine, 2 at detectivities approaching values above 10 10 cm Hz 1/2 /W ͑see Fig. 24͒ , FPA performance is uniformity limited and thus essentially independent of detectivity. An improvement in nonuniformity from 0.1% to 0.01% after correction could lower the NEDT ͑see Appendix 1͒ from 63 to 6.3 mK.
The nonuniformity value is usually calculated using the standard deviation over the mean, counting the number of operable pixels in an array. For a system operating in the LWIR band, the scene contrast is about 2%/K of the change in the scene temperature. Thus, to obtain a pixel to pixel variation in the apparent temperature less than, e.g., 20 mK, the nonuniformity in response must be less than 0.04%. This is nearly impossible to achieve in the case of an uncorrected response of the FPA; therefore, a two-point correction is typically used.
FPA uniformity influences the complexity of an IR system. Uniformity is important for accurate temperature measurements, background subtraction, and threshold testing. Nonuniformities require the development of compensation algorithms to correct the image; but, by consuming a number of analog-to-digital bits they also reduce the dynamic range of the system. Tactical IR FPA's usually require operation in the LWIR window with a small number of applications in the 3-5 m window. The distance between the sensor and the target is typically short, allowing the use of imaging sensors with large FPA's where precise radiometry is not critical. Imaging arrays can usually tolerate some percentage of dead or degraded pixels without the jeopardizing mission performance. Tactical backgrounds in the IR windows are relatively high with about 10 16 photons/cm 2 s reaching the detector. The admissible nonuniformity depends on the requirements of the operability. A higher requirement on the operability usually leads to a lower uniformity and vice versa. A typical uncorrected-response nonuniformity in QWIP FPA's is 1%-3% with the operability ͑the fraction of good pixels͒ higher than 99.9%. For a 128ϫ128 15-m array fabricated by Jet Propulsion Laboratory ͑see Table VI͒, the uncorrected standard deviation is 2.4% and the corrected nonuniformity is 0.05%. For a large 640ϫ486 9-m FPA the uncorrected noise nonuniformity is about 6%, and after a two-point correction improves to an impressive 0.04%. 60 For an FPA of the the same format demonstrated by Lockheed Martin, operability higher than 99.98% was described. 58 It is very hard for HgCdTe to compete with QWIP's in the area of high uniformity and operability of large-array formats, especially at low temperatures and in the VLWIR region.
High uniformity and high operability, as shown in the above examples, demonstrate the maturity of GaAs growth and processing technology. In this context, the nonuniformity and operability have been an issue for HgCdTe, although the values published recently for Sofradir and SBRC arrays are as high as 99%. As we compare the performance of both types of FPA's ͑see Table V and VI͒, the array operability is higher for QWIP's ͑above 99.9%͒.
Nonuniformity is a serious problem in the case of VLWIR HgCdTe detectors. The variation of x across a Hg 1Ϫx Cd x Te wafer causes a much larger spectral nonuniformity ͑e.g., at 77 K the variation of ⌬xϭ0.2% gives ⌬ c ϭ0.064 m at c ϭ5 m, but ⌬ c ϭ0.51 m at 14 m͒, which cannot be fully corrected by two or three point corrections. 32 Therefore the required composition control is much more stringent for VLWIR than for MWIR.
In the case of QWIP's, extending the cutoff wavelengths to VLWIR is relatively easy since there is little change in the material properties, growth, and processing. However, a serious requirement for maintaining the device performance is to lower the operating temperature. Due to lower quantum well barriers, the dark current of thermionic emission dominates at lower temperatures. In order to achieve performance equivalent to that of a 10-m cutoff QWIP at 77 K, the temperature needs to be lowered to 55 K for a 15-m cutoff and to 35 K for a 19-m cutoff ͑see Table VI and Fig. 19͒ .
B. NEDT
The noise in HgCdTe photodiodes at 77 K is due to two sources: the shot noise from the photocurrent and the Johnson noise from the detector resistance. It can be expressed as 35 
where k is the Boltzmann constant and R is the dynamic resistance of a photodiode. Assuming that the integration time int is such that the readout node capacity is kept half full, we have
and then
At tactical background levels, the Johnson noise is much smaller than the shot noise from the photocurrent. In the case where the number of electrons collected in a frame is limited by the capacity of the ROIC charge well, which is often true, the signal to noise ratio is given by
Assuming that the temperature derivative of the background flux ⌽ can be written to a good approximation as
and using Eq. ͑26͒, the NEDT is equal to
In the last two equations, ϭ( 1 ϩ 2 )/2 is the average wavelength of the spectral band between 1 and 2 .
If one assumes a typical storage capacity of 2ϫ10 7 electrons, ϭ10 m, and T B ϭ300 K, Eq. ͑28͒ yields NEDT of 19.8 mK.
The same estimate can be made for QWIP. In this case the Johnson noise is negligible compared to the generationrecombination noise therefore,
where the dark current may be approximated by
͑30͒
In the above expressions, I d is the dark current, I 0 is a constant that depends on the transport properties and the doping level, and E a is the thermal activation energy, which is usually slightly less than the energy corresponding to the cutoff wavelength of the spectral response. It should be also stressed that g, I ph , and I 0 are bias dependent.
The signal-to-noise ratio for a storage-capacity-limited QWIP is given by
and the NEDT is
Comparing Eqs. ͑28͒ and ͑32͒ one may notice that the value of NEDT in a charge-limited QWIP detectors is better than that of HgCdTe photodiodes by a factor of (2g) 1/2 since a reasonable value of g is 0.4. Assuming the same operation conditions as for HgCdTe photodiodes, the value of NEDT is 17.7 mK. Thus, a low photoconductive gain actually increases the S/N ratio and a QWIP FPA can have a better NEDT than an HgCdTe FPA with a similar storage capacity.
The above deduction was confirmed experimentally by a research group at Fraunhofer IAF. [62] [63] [64] The photoconduction mechanism of a photovoltaic ''low-noise'' QWIP structure is indicated in the inset of Fig. 25͑b͒ , where four zones ͑1͒-͑4͒ of each period are shown. Because of the period layout, the detector structure has been called a four-zone QWIP. 65 The first two zones ͑1 and 2͒ are analogous to the barrier and well of a conventional QWIP ͓see Fig. 6͑a͔͒ . Two additional zones are present in order to control the relaxation of the photoexcited carriers: namely, a capture zone ͑3͒ and a tunneling zone ͑4͒. The tunneling zone has two functions; it blocks the carriers in the quasicontinuum ͑carriers can be captured efficiently into a capture zone͒ and transmits the carriers from the ground state of the capture zone into the excitation zone of the subsequent period. In this way, the noise associated with the carrier capture is suppressed. Figure 25 summarizes the performance of a typical 20-period low-noise QWIP with a cutoff wavelength of 9.2 m. The peak responsivity is 11 mV at zero bias ͑photovoltaic operation͒ and about 22 mA in the range between Ϫ2 and Ϫ3 V. Between Ϫ1 and Ϫ2 V, a gain of about 0.05 is observed. The detectivity has its maximum around Ϫ0.8 V and about 70% of this value is obtained at zero bias. Due to the asymmetric nature of the transport process, the detectivity strongly depends on the sign of the bias voltage. This behavior is in strong contrast with a conventional QWIP where the detectivity vanishes at zero bias.
Based on the photovoltaic low-noise four-zone QWIP structure, the Fraunhofer group [62] [63] [64] has manufactured a 256ϫ256 FPA camera operating at 77 K with the 9-m cutoff wavelength. The camera exhibits record-low NEDT values of 7.4 mK with 20-ms integration time and 5.2 mK with 40 ms. It is the best temperature resolution ever obtained in the LWIR regime.
Considerations carried out in the Appendix 1 indicate that for a given frame time and maximum storable charge, the way to increase the performance of LW staring systems is to reduce the dark current in order to get photon limited system performance. Bois et al. 66 described their unique approach of using two stacks of identical QWIP's and a new skimmed architecture accommodating the large dark current of the detector. The QWIP at the top stack produced a higher photocurrent than that of the lower stack. Therefore, using a bridge readout arrangement, the dark current of the QWIP at the top stack may be subtracted by the bottom stack without sacrificing much of the photocurrent. With this detector structure, the FPA should be able to operate at much higher temperatures and with a longer integration time. After the selection of the optimum subtraction rates the expected NEDT is 10 mK at 85 K for c ϭ9.3 m and f/1 optics. This performance is usually achieved with standard QWIP's at 65 K ͑see Two other solutions can be envisaged for the reduction of the dark current: ͑i͒ to decrease the focal plane operating temperature, and ͑ii͒ to decrease the cutoff wavelength by adjusting the detector material composition. The second solution allows one to increase the focal plane operation temperature without degrading the performance. Figure 27 compares the performance of two Sofradir HgCdTe staring arrays. One of these arrays is sensitive between 7.7 m and 9 m, the other between 7.7 m and 9.5 m. Higher performance with improved technology has been obtained using, on the one hand, the reduced-dark-current detector technology and, on the other hand, a new readout circuit architecture maximizing both the charge handling capacity and the responsivity. 68 At a constant temperature, the performance is higher for c ϭ9 m due to the fact that the dark current is lower and the integration time can be increased. As a consequence, the focal plane operation temperature of the improved arrays with c ϭ9 m can be increased up to 105 K and up to 102 K for arrays with c ϭ9.5 m ͑NEDTϽ18 mK in this example͒. Figure 28 shows the measured and estimated NEDT as a function of the temperature for a 8.9-m QWIP FPA. In comparison with a representative HgCdTe FPA ͑Fig. 27͒, this parameter exhibits a strong temperature dependence. At temperatures Ͻ70 K, the signal-to-noise ͑SNR͒ ratio of the system is limited by the multiplexer readout noise and the shot noise of the photocurrent. At temperatures Ͼ70 K, the temporal noise due to the QWIP's higher dark current becomes the limitation. As mentioned earlier, this higher dark current is due to thermionic emission and thus causes the charge storage capacitors of the readout circuitry to saturate. Figure 29 presents a NEDT histogram of a 640ϫ486 QWIP FPA ( c ϭ8.8 m͒ at an operation temperature of 70 K, bias voltage of Ϫ2 V, background temperature of 300 K with f/2 optics. The mean value of the NEDT histogram is 36 mK. The uncorrected nonuniformity ͑standard deviation/ mean͒ of this unoptimized FPA is only 5.6% including the 1% nonuniformity of the readout circuit and the 1.4% nonuniformity due to the fact that the cold stop is unable to give the same field of view to all the pixels in the FPA.
Comparing the values of NEDT for both types of FPA's ͑see also Tables V and VI͒, we can see that the performance of LWIR HgCdTe arrays is generally better. However, up to now the best temperature resolution in the LWIR band has been obtained with four zone QWIP structures.
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C. Charge handling capacity and integration time
One of the simplest and most popular readout circuits for IR FPA's is the direct injection ͑DI͒ input, where the dark current and photocurrent are integrated into a storage capacity. In this case, the bias varies across the array by about Ϯ͑5-10͒ mV due to the variations in the transistor thresholds. At 80 K, HgCdTe diodes show very small changes of the leakage current with small changes in reverse bias near zero volts ͑see Fig. 12͒ . The goal is to fit a capacitor as large as possible into the unit cell, particularly for high tactical applications, where signal-to-noise ratios can be obtained through longer integration times. For high injection efficiencies, the resistance of the field effect transistor ͑FET͒ should be small compared to the diode resistance at its operating point. Generally, it is not difficult to fulfill this inequality for MWIR HgCdTe staring designs where diode resistance is large (R 0 A product in the range of more than 10 6 ⍀ cm 2 ), but it may be very important for LWIR designs where R 0 is small (R 0 A product about 10 2 ⍀ cm 2 ͒. LWIR HgCdTe photodiodes operate with a small reverse bias near zero volts. In this case, a large bias is desirable but its value depends strongly on the material quality of the array. For very highquality LWIR HgCdTe arrays a bias of Ϫ1 V is possible.
The bias applied to a QWIP array is usually higher than that applied to a HgCdTe array and is around 2-3 V. However, the readout power consumption is similar for QWIP and HgCdTe and is negligible compared with that of the readout electronics. The power dissipation in an imaging 640ϫ480 QWIP FPA is, for example, lower than 150 mW. 58 It results from the very high impedance of the QWIP. This impedance is in the G⍀ range at 77 K for a pixel size of 24ϫ24 m 2 . 32 It makes the readout design very easy in terms of achieving high efficiency. The injection efficiency of a 9-m cutoff 640ϫ486 QWIP array is, for example, 99.5%. 58 However, Singh and co-workers 69,70 uncovered a possible problem connected with the offsets ͑up to Ϸ1 V͒ in the low-temperature current-voltage characteristics ͑nonzero current at zero bias͒. This observation indicates the presence of a time-constant effect due to the charging of a capacitance in the QWIP detector. QWIP's behave like RC circuits, with a resistance in series with a capacitance. The presence of large offsets or large dynamic resistance could cause difficulties in matching the impedances of the FPA and ROIC, especially at low biases and certainly at low temperatures.
The DI input circuit is not generally used for low backgrounds due to injection efficiency issues. The strategic applications often have low backgrounds and require low noise multiplexers interfaced to high-resistance detectors. The in- put circuit commonly used for strategic applications is the capacitative transimpedance amplification ͑CTIA͒ input circuit. 71 Increased injection efficiency is also possible with buffered DI. The latter two input circuits also accentuate the 1/f noise and the operability but they require higher power to operate.
At high backgrounds, it is often impossible to handle the large number of carriers generated over frame times that are compatible with the standard video frame rates. The user is forced to integrate for only a fraction of the full frame time. Off-FPA integration of subframes is then used to attain a level of sensor sensitivity commensurate with the detectorlimited FPA detectivity and not the charge-handling-limited sensor detectivity. Figure 30 shows the theoretical NEDT versus charge handling capacity for HgCdTe FPA's assuming that the integration capacitor is filled to half the maximum capacity ͑to preserve dynamic range͒ under nominal operating conditions in different spectral bandpasses: 3.4 -4.2 m, 4.4 -4.8 m. 3.4 -4.8 m, and 7.8 -10 m. The measured data for TCM2800 at 95 K, other PACE HgCdTe FPA's at 78 K and representative LWIR FPA's are also shown. We can see that the measured sensitivities agree with the expected values.
The well charge capacity is the maximum amount of the charge that can be stored in the storage capacitor of each cell. The size of the unit cell is limited to the dimensions of the detector element in the array. In the case of a large LWIR HgCdTe hybrid array, a mismatch between the thermal expansion coefficients of the detector array and the readout can force the cell pitch to 20 m or less to minimize lateral displacement. However, the development of heteroepitaxial growth techniques for HgCdTe on Si has opened the possibility of a cost-effective production of significant quantities of large-area arrays through the utilization of large-diameter Si substrates. Figure 31 shows the charge handling capacity versus cell pitch. We can see that for a 30ϫ30 m 2 pixel size, the storage capacities are limited to the range of 1 to 5ϫ10 7 electrons depending on the design feature. At a 0.8-m feature if the oxide is thinned to 150 Å to recoup capacity, the readout yield and device reliability may be reduced due to oxide damage from hot carriers. 73 For example, a storage capacity of 5ϫ10 7 electrons requires that the total current density of a detector with a 30ϫ30 m 2 pixel size be lower than 27 A/cm 2 with a 33-ms integration time. 32 If the total current density is in the 1 mA/cm 2 range, the integration time has to be reduced to 1 ms. In LWIR HgCdTe FPA's the integration time is usually below 100 s. Since the noise power bandwidth ⌬ f ϭ1/2t int , a short integration time causes extra noise during integration.
LWIR QWIP FPA's using conventional ROIC's typically operate at 60-65 K. Due to the smaller quantum efficiency of a QWIP, filling the charge capacitor is not a problem in high-background applications. QWIP's allow a longer integration time, which yields relatively low values of NEDT. At higher temperatures, however, the dark current of QWIP's is high and fills the charge capacitor very quickly. The current subtraction and switched capacitor noise filtering capabilities of ROIC's permit a low NEDT at higher operating temperatures. In this case, however, the readout circuit is complicated, which limits the array size.
The goal of third-generation imagers is to achieve sensitivity improvement corresponding to a NEDT of about 1 mK. The analysis of Eq. ͑A2͒ ͑see Appendix A1͒ indicates that the required charge storage capacity in a 300 K scene in the LWIR region with the thermal contrast of 0.04, is above 10 9 electrons. This high charge-storage density within the small pixel dimensions probably cannot be obtained with standard CMOS capacitors. 52 Although the reduced oxide thickness of the submicrometer design rules gives a large capacitance per unit area, the reduced bias voltage, as illustrated in Fig. 32 , largely cancels any improvement in the charge storage density. Ferroelectric capacitors may provide much higher charge storage densities than the oxide-on-silicon capacitors now used, however, such technology is not yet incorporated into standard CMOS foundries. Norton et al. 52 suggested using stacked hybrid structures as an interim solution at least to incorporate the desired charge storage density in the detector-readout-capacitor structures. 
D. Cost
The cost of a FPA depends strongly on the maturity of the technology and varies with the production quantity in different companies. So far, large-size LWIR FPA's have been developed in R&D laboratories only, without mass production experience. According to Sofradir, a continuous effort in the industry has decreased the cost of HgCdTe detectors by a factor of 5 to 10. 74 The cost of making highperformance cooled components can be broken down into three parts of about equal weight: the chip ͑detector and ROIC͒, the Dewar, and the integration and tests. 75 In addition, the user must add the cryogenic machine cost. This cost is not negligible compared to the other ones. Even if the detection circuit is free of charge, the total cost would only be reduced by about 15%-20%. This explains why the cost of PtSi and QWIP detectors is not markedly less than that of photon detectors of the same complexity, even though the raw materials ͑Si or GaAs͒ are much cheaper than in the case of HgCdTe. Moreover, since a PtSi requires a very wide optical aperture to obtain acceptable performance and since a QWIP requires lower operating temperatures than other photon detectors, a possible reduction in the purchase price is counterbalanced by a significant increase in operating cost.
HgCdTe detectors have been the center of a major industry during the last three decades. The technology is relatively mature in the MWIR region with a size up to 1024ϫ1024, 25 but it is not extended easily to LWIR. To make components with more pixels, a reduction of the pitch is required or the mastering of the thinning operation needed to withstand thermal cycling ͑differential thermal expansion between CdZnTe and silicon͒. It seems that, in the future, Si substrates will be used, because they offer many well-known advantages as compared to bulk CdZnTe substrates ͑a much larger size available at lower cost, a thermal expansion coefficient matching that of Si readout chips, higher purity, and compatibility with automated wafer processing/handling methodology due to their superior mechanical strength and flatness͒. Promising results have been achieved in the SWIR and MWIR spectral region. During the last four years the defect density for MWIR layers of HgCdTe grown by MBE on silicon substrates decreased from 2000 cm Ϫ2 to below 500 cm Ϫ2 . 52 Currently, MWIR arrays with pixel operability of 98% can be produced from this material. For comparison, the operability of CdZnTe is typically about 99% or higher. Defect densities in the LWIR material grown on silicon substrates continue to limit performance but they have been reduced by an order of magnitude in the past decade. 52, 55 In comparison with HgCdTe FPA's, the industry has much less experience in QWIP FPA's; therefore, improvements can be expected, especially since this technology is at an earlier stage of development. The major challenge is to improve the device performance by means of tuning the device and grating designs. Because of the maturity of GaAs growth technology and the stability of the material system, no investment is needed for developing QWIP substrates, MBE growth, and processing technology. 32 Four-inch QWIP wafers are commercially available. 76 Development of LWIR and multicolor HgCdTe detectors is extremely difficult, especially for low-background applications. It means that the cost of the development QWIP technology and QWIP production will be less than in the case of HgCdTe.
E. Reliability
In our discussion the reliability issue has been omitted due to the fact that statistical data on this subject are not available. In several applications, especially military systems, there is a considerable demand for high reliability to ensure both the success of the mission and minimal risk to the user. Two reliability challenges affect both FPA's: survival in high-temperature system-storage environments and withstanding repetitive thermal cycles between ambient and cryogenic temperatures. In HgCdTe, as well as in QWIP FPA's, indium bumps are used to hybridize both types of detectors with a silicon multiplexer. However, certain problems can be expected in the case of QWIP arrays, because indium bumps are known to form many different alloys with III-V compounds.
Very large FPA's may exceed the limits of hybrid reliability engineered into contemporary cooled structures. Hybrids currently use mechanical constraints to force the contraction of the two components to closely match each other. This approach may have limits when the stress reaches a point where the chip fractures. Three approaches offer an opportunity to resolve this issue:
͑i͒ Elimination of the thick substrate that limits the detector active region from deforming at the slower rate of the silicon readout.
͑ii͒ Subdivision of the array into a number of regions. ͑iii͒ Use of silicon as the substrate for the growth of the detector material.
The process sequence for making HgCdTe photodiodes and QWIP's on silicon substrates would ultimately be simplified because of the maturity level of the existing silicon technology. However, the major difficulties inherent in this approach are the following: 52 ͑i͒ Less area would be available for readout circuitry. ͑ii͒ Microlens arrays would be required to regain the fill factor.
͑iii͒ Material quality may not be adequate for lowleakage detectors, particularly in the case of LWIR HgCdTe photodiodes.
͑iv͒ Silicon integrated circuits are processed on ͗100͘ oriented silicon, but the preferred orientation for HgCdTe growth on silicon is near the ͗211͘ orientation.
A less demanding approach to the elimination of the thick detector substrate is to use the loophole or high-density vertically-integrated photodetector device structures already practiced by GEC Marconi and DRS, respectively. In this approach, HgCdTe material is glued to the readout and contacts are made through a thin layer ͑10-20 m͒ after the substrate is removed ͓see Fig. 23͑b͔͒ . Another approach is to remove the substrate after hybridization with indium bumps. Substrate removal is a standard practice with very large hybrid InSb arrays (1024ϫ1024 pixels͒. This approach has been recently adopted for QWIP arrays. 4, 5, 77 After epoxy backfilling of the gaps between the array and the readout multiplexer, the substrate is thinned to form a very thin membrane ͑Ϸ1000 Å͒. This allows not only the elimination of the thermal mismatch between the silicon readout and the GaAsbased detector array but also the complete elimination of the pixel-to-pixel cross talk, and finally, significant enhancement of the optical coupling of IR radiation to QWIP pixels.
V. MULTIBAND FPA's
Multicolor capabilities are highly desirable for advance IR systems. Systems that gather data in separate IR spectral bands can determinate both the absolute temperature and the unique signatures of the objects in the scene. By providing this new dimension of contrast, multiband detection also enables advanced color processing algorithms to further improve the sensitivity above that of single-color devices. Multispectral detection permits rapid and efficient understanding of the scene in a variety of ways. In particular, two-color IR FPA's can be especially beneficial for threat-warning applications. By using two IR wave bands, spurious information, such as background clutter and sun glint, may be subtracted from the IR image, leaving only the objects of interest. Multispectral IR FPA's can also play many important roles in ground and planetary remote sensing, astronomy, etc. Thus, the effective signal-to-noise ratio of two-color IR FPA's greatly exceeds that of single-color IR FPA's for specific applications.
Currently, multispectral systems rely on cumbersome imaging techniques that either disperse the optical signal across multiple IR FPA's or use a filter wheel to spectrally select the image focused on a single FPA. These systems contain beam-splitters, lenses, and bandpass filters in the optical path to focus the images onto separate FPA's corresponding to different IR bands. Also complex alignment is required to map the multispectral image pixel for pixel. Consequently, these approaches are expensive in terms of size, complexity, and cooling requirements.
At present, the efforts are being made to fabricate a single FPA with multicolor capability to eliminate the spatial alignment and temporal registration problems that exist whenever separate arrays are used, to simplify optical design, and reduce size, weight, and power consumption.
Considerable progress has been recently demonstrated by research groups at Hughes Research Laboratory ͑Raytheon͒, [78] [79] [80] Lockheed Martin ͑BAE Systems͒, [81] [82] [83] [84] Rockwell, 56 Leti, 85 and DRS 35 in multispectral HgCdTe detectors employing mainly MBE ͑although LPE and MOCVD are also used͒ for the growth of a variety of devices. The QWIP technology also demonstrates considerable progress in the fabrication of multicolor FPA's. 4,5,35,58,86 -90 Devices for the sequential and simultaneous detection of two closely spaced subbands in the MWIR and LWIR radiation bands have been demonstrated.
A. Dual-band HgCdTe
In backilluminated dual-band detectors, the photodiode with the longer cutoff wavelength is grown epitaxially on top of the photodiode with the short cutoff wavelength. The shorter-cutoff photodiode acts as a long-wavelength-pass filter for the longer-cutoff photodiode.
Both sequential mode and simultaneous mode detectors are fabricated from multilayer materials. The simplest twocolor HgCdTe detector, and the first to be demonstrated, is the bias-selectable n-p-n back-to-back photodiode shown in Fig. 33͑a͒ . The sequential-mode detector has a single indium bump per unit cell that permits sequential bias selectivity of the spectral bands associated with the operating tandem photodiodes. When the polarity of the bias voltage applied to the bump contact is positive, the top ͑LW͒ photodiode is reverse biased and the bottom ͑SW͒ photodiode is forward biased. The SW photocurrent is shunted by the low impedance of the forward-biased SW photodiode, and the only photocurrent to emerge in the external circuit is the LW photocurrent. When the bias voltage polarity is reversed, the situation reverses; only the SW photocurrent is available. Switching times within the detector can be relatively short, on the order of microseconds, so the detection of slowly changing targets or imagers can be done by switching rapidly between the MW and LW modes.
One bump contact per unit cell, as for single-color hybrid FPA's, is a big advantage of a bias-selectable detector. It is compatible with existing silicon readout chips. The problems with bias selectable devices are the following: their construction does not allow independent selection of the optimum bias voltage for each photodiode, and there can be substantial MW crosstalk in the LW detector. Many applications require true simultaneity of the detection in the two spectral bands. This has been achieved in a number of ingenious architectures schematically shown, after Reine, 91 in Figs. 33͑b͒-33͑e͒. All these simultaneous dualband detector architectures require an additional electrical contact to the underlying layer in the multijunction structure of both the SW and LW photodiodes. The most important distinction is the requirement of a second readout circuit in each unit cell.
Integrated two-color HgCdTe technology has been under development for nearly a decade with steady progress and now boasts a wide variety of pixel sizes ͑30-61 m͒, array formats (64ϫ64 up to 320ϫ240) and spectral-band sensitivity ͑MWIR/MWIR, MWIR/LWIR, and LWIR/LWIR͒. Figure  34 shows examples of the spectral response from different two-color devices. Note that there is minimal cross talk between the bands, since the short-wavelength band absorbs nearly 100% of the shorter wavelengths. One might question whether the additional processing and complexity of building a two-color detector structure might adversely affect the performance, yield, or operability of two-color devices. Test structure indicates that the separate photodiodes in a twocolor detector perform exactly as single-color detectors in terms of the achievable R 0 A product variation with wavelength at a given temperature. For example, fill factors of 128ϫ128 MWIR/MWIR FPA's as high as 80% were achieved using a single mesa structure to accommodate two indium bump contacts required for each unit cell with the size of 50 m. Band 1 ͑2.5-3.9 m͒ had the operability of 99.9%, with 23 inoperable pixels. Band 2 ͑3.9-4.6 m͒ had the operability of 98.9%, with 193 inoperable pixels. Quantum efficiencies of 70% were observed in each band without the use of an antireflection coating. The R 0 A values for the diodes ranged from 8.25ϫ10
5 to 1.1ϫ10 6 ⍀ cm 2 at f/2 FOV. The NEDT for both bands is shown in Fig. 35 as a function of temperature. The camera used for these measurements had a 50 mm, f/2.3 lens. Imagery was acquired at temperatures as high as 180 K with no visible degradation in image quality.
Recently, Rockwell has developed a novel simultaneous two-color MWIR/LWIR FPA technology based on a doublelayer planar heterostructure ͑DLPH͒ MBE technology ͓see Fig. 33͑e͔͒ . To prevent the diffusion of carriers between two bands, a wide-band-gap 1-m-thick layer separates these absorbing layers. The diodes are formed by implanting arsenic as a p-type dopant and activating it with an anneal. This results in a unipolar operation for both bands. The implanted area of band 2 is a concentric ring around the band 1 dimple. Because the lateral carrier-diffusion length is larger than the pixel pitch in the MWIR material and band 1 junction is shallow, each pixel is isolated by dry-etching a trench around it to reduce the carrier cross talk. The entire structure is capped with a layer of a material with a slightly wider band gap to reduce surface recombination and simplify passivation. Two-color 128ϫ128 FPA's with low background lim- ited detectivity performance (10 13 cm Ϫ2 s Ϫ1 ) have been obtained for the MWIR ͑3-5 m͒ regime at TϽ130 K and for LWIR ͑8-10 m͒ at TϷ80 K ͑see Fig. 36͒ . The pixels exhibit BLIP performance up to 120 K for the two bands. The FPA also exhibits low NEDT values: 9.3 mK for the MW band and 13.3. mK for the LW band, similarly to goodquality single-color FPA's.
B. Multiband QWIP's
Sanders was the first to fabricate two-color, 256ϫ256 bound-to-miniband QWIP FPA's in each of four important combinations: LWIR/LWIR, MWIR/LWIR, near IR ͑NIR͒/LWIR, and MWIR/MWIR-with simultaneous integration. 58, 86 Devices capable of simultaneously detecting two separate wavelengths can be fabricated by vertically stacking different QWIP layers during epitaxial growth. Separate bias voltages can be applied to each QWIP simultaneously via the doped contact layers that separate the MQW detector heterostructures. Figure 37 shows schematically the structure of a two-color stacked QWIP with contacts to all three ohmiccontact layers. The device epilayers were grown by MBE on a 3-in. semi-insulating GaAs substrate. An undoped GaAs layer, called an isolator, was grown between two AlGaAs stop layers, followed by an Au/Ge ohmic contact of a 0.5-m-thick doped GaAs layer. Next, two QWIP heterostructures were grown, separated by another ohmic contact. The stack sensitive to long wavelengths ͑red QWIP, c ϭ11.2 m͒ is grown above that sensitive to shorter wavelengths ͑blue QWIP, c ϭ8.6 m͒. Each QWIP is a 20-period GaAs/ Al x Ga 1Ϫx As MQW stack in which the thickness of the Sidoped GaAs QW's ͑with a typical electron concentration of 5ϫ10 17 cm Ϫ3 ) and the Al composition of the undoped Al x Ga 1Ϫx As barriers ͑Ϸ550-600 Å͒ is adjusted to yield the desired peak position and spectral width. The gaps between FPA detectors and the readout multiplexer were backfilled with epoxy. The epoxy backfilling provides the necessary mechanical strength to the detector array and a readout hybrid prior to the array's thinning process.
Most QWIP arrays use a 2D grating, which is very wavelength dependent, and the efficiency gets lower when the pixel size gets smaller. Lockheed Martin used rectangular and rotated rectangular 2D gratings for their two-color LW/LW FPA's. Although random reflectors have achieved relatively high quantum efficiencies with a large test device structure, it is not possible to achieve similarly high quantum efficiencies with random reflectors on small FPA pixels due to the reduced width-to-height aspect ratios. 5 In addition, it is difficult to fabricate random reflectors for shorter-wavelength detectors, when compared to long-wavelength detectors, due to the fact that feature sizes of random reflectors are linearly proportional to the peak wavelength of the detectors. The quantum efficiency becomes a more difficult issue for QWIP multicolor FPA's than for single-color ones.
Typical operating temperatures for QWIP detectors are in the range of 40-100 K. The bias across each QWIP can be adjusted separately, although it is desirable to apply the same bias to both colors. As is shown in Fig. 38 , the responsivity of both QWIP's is around 300-350 mA/W. The spectral response is relatively narrow so that a detector designed for the LWIR band only detects light in that band with little or no ''spectral cross talk'' with a detector in the MWIR band. It appears that the complex two-color processing has not compromised the electrical and optical quality of either color in the two-color device since the peak quantum efficiency for each of the 20-period QWIP's was estimated to be Ϸ10%. For comparison, a normal single-color QWIP with twice the number of periods has a quantum efficiency of around 20%. A pixel operability for each color is Ͼ97% in comparison to a value higher than 99.9% routinely achieved for single-color QWIP's. The NEDT value was 24 mK for the blue QWIP and 35 mK for the red QWIP. The difference was attributed to the poor transmission properties of the optics in the 11.2 m band.
To cover the MWIR range, a strained layer of the InGaAs/AlGaAs material system is used. InGaAs in the MWIR stack produces a high, in-plane, compressive strain which enhances the responsivity. 86, 92 The MWIR/LWIR FPA's fabricated by Sanders consist of an 8.6-m GaAs/ AlGaAs QWIP on top of a 4.7-m strained InGaAs/GaAs/ AlGaAs heterostructure. The fabrication process allowed fill factors of 85% and 80% to be achieved for the MW and LW detectors, respectively. The first FPA's with this configuration had an operability in excess of 97% and NETD values greater than 35 mK. The excellent imagery in each color is shown in Fig. 39 . Note the appearance of the filter and the soldering iron in the two bands.
Recently, Gunapala et al. 77, 93 have demonstrated the first 8 -9 and 14 -15 m two-color imaging camera based on a 640ϫ486 dual-band QWIP FPA, which can be equipped with dual or triple contacts to access the CMOS readout multiplexer. A single indium bump per pixel is usable only in the case of the interlace readout scheme ͑i.e., odd rows for one color and even rows for the other͒, which uses a existing single-color CMOS readout multiplexer. However, the disadvantage is that it does not provide the full fill factor for both wavelength bands.
The device structure shown in Fig. 40 consists of a 30-period stack ͑500 Å AlGaAs barrier and a 60 Å GaAs well͒ of the VLWIR structure and a second 18-period stack ͑500 Å AlGaAs barrier and a 40 Å GaAs well͒ of the LWIR structure separated by a heavily doped 0.5-m-thick intermediate GaAs contact layer. The VLWIR QWIP structure has been designed to have a bound-to-quasibound intersubband absorption peak at 14.5 m, whereas the LWIR QWIP structure has been designed to have a bound-to-continuum intersubband absorption peak at 8.5 m, because the photocurrent and the dark current of the LWIR device structure are relatively small compared to those of the VLWIR portion of the device structure. Figure 41 shows a schematic side view of an interlace dual-band GaAs/AlGaAs FPA. Two different 2D periodic grating structures were designed to independently couple the 8-9 m and 14 -15 m radiation to detector pixels in the even and odd rows of the FPA. The top 0.7-m-thick GaAs cap layer was used to fabricate the light-coupling 2D periodic gratings for 8 -9 m detector pixels, whereas the lightcoupling 2D periodic gratings of the 14 -15 m detector pixels were fabricated using LWIR MQW layers. In such a way, this grating scheme short circuited all the detector sensitive to the 8 -9 m radiation in all odd rows of the FPA. Next, the LWIR detector pixels were fabricated by dry etching the photosensitive GaAs/AlGaAs MQW layers into the 0.5-m-thick doped GaAs intermediate contact layer. All VLWIR pixels in the even rows of the FPA were shortcircuited. The VLWIR detector pixels were fabricated by dry etching both MQW stacks into the 0.5-m-thick heavily doped GaAs bottom contact layer. After epoxy backfilling of the gaps between FPA detectors and the readout multiplexer, the substrate was thinned and finally the remaining GaAs/ AlGaAs material contained only the QWIP pixels and a very thin membrane ͑Ϸ1000 Å͒. This allows the whole structure to adapt to the thermal expansion, eliminates thermal mismatch between the silicon readout and the detector array, eliminates pixel-to-pixel crosstalk, and finally, significantly enhances the optical coupling of IR radiation to QWIP pixels. The FPA was back illuminated through a flat thinned substrate membrane.
The 640ϫ486 GaAs/AlGaAs gave excellent images with 99.7% of the LWIR pixels and 98% of VLWIR pixels working, demonstrating the high yield of GaAs technology. The 8 -9 m detectors have shown background limited performance ͑BLIP͒ at 70 K ͑at a background temperature of 300 K with a f/2 cold stop͒. The 14 -15 m detectors show BLIP at 45 K with the other operating conditions unchanged. At temperatures below 70 K, the signal-to-noise ratio of the LWIR detector pixels is limited by the array nonuniformity, multiplexer readout noise, and photocurrent noise ͑for the f/2 cold stop͒. At temperatures above 70 K, the temporal noise due to the higher dark current of QWIP's ͑thermionic emission͒ becomes the limitation. At temperatures below 40 K, the signal-to-noise ratio of the VLWIR detector pixels is limited by the array nonuniformity, multiplexer readout noise, and photocurrent noise.
The performance of these dual-band FPA's was tested at a background temperature of 300 K, with a f/2 cold stop, and at a 30 Hz frame rate The results are described in Table VII . The estimated NEDT of the LWIR and VLWIR detectors at 40 K is 36 and 44 mK, respectively. Due to BLIP, the estimated and experimentally obtained NEDT values of the LWIR detectors do not change significantly at temperatures below 65 K. The experimentally measured values of LWIR NEDT equal to 29 mK are lower than the estimated ones ͓see Fig. 42͑a͔͒ . This improvement is attributed to the lightcoupling efficiency of the 2D periodic grating. However, the experimental VLWIR NEDT value ͓see Fig. 42͑b͔͒ is higher than the estimated value. It is probably the result of inefficient light coupling in the 14 -15 m region, readout multiplexer noise, and the noise of the proximity electronics. At 40 K, the performance of both types of detector pixels is limited by the photocurrent noise and the readout noise.
At present, a joint Goddard/Jet Propulsion Laboratory/ Army Research Laboratory proposal to develop a four band, hyperspectral, 640ϫ512 QWIP array is funded by the Earth Science Technology Office of NASA. 90 The four bands of the QWIP array are fabricated in a manner similar to the two-band system described above ͑see Fig. 41͒ . The fourdetector bands are delineated by a deep groove etch to contact a specific band, while shorting out the other three-band layers. Experiments are in progress to determine the optimum coupling surface treatment and both grating and corrugation methods are being considered.
The three-year effort will focus on expanding the spectral imaging capability of the integrated QWIP, The preferable range of QWIP FPA applications results from their advantages. The metrics of a FPA are its sensitivity ͑ϰ1/NEDT͒, the operating temperature ͑ϰ T BLIP ), and the speed ͑ϰ1/ int ) determined by the integration time int . NEDT ͑see Appendix A1͒ can be given by 94 NEDTϭ 1
where r is the ratio of the photocurrent to the dark current and u is the nonuniformity. The first term in the square brackets is the temporal noise and the second term is the fixed pattern noise. In general, higher quantum efficiency improves all of these figures of merit. The minimum NEDT can be achieved by having a smaller g. Higher gain increases the photocurrent and, therefore, the speed. However, the resulting higher g-r noise reduces the sensitivity. Since the gain is given by the ratio of the electron lifetime to the transit time, higher lifetime increases the photocurrent with respect to the dark current ͑i.e., the value of r͒ and therefore is able to increase the operating temperature (T BLIP is its value when rϭ1). A short transit time, in turn, increases the photocurrent and the dark current in equal proportion, and therefore does not affect the operating temperature. If high speed and high operating temperature are essential, high quantum efficiency and gain is required. However, high quantum efficiency does not reduce NEDT once the detection is background limited ͑e.g., rϾ1).
QWIP technology is accepted as the commercial standard for high-performance and large-format LWIR detection. Gunapala et al. 5, 87 presented large-format QWIP cameras holding forth a promise for many applications in the 6 -18 m wavelength range in science, medicine, defense, and industry. Possible applications are medical imaging, 5 monitoring heat emission in certain geological areas, hyperspectral imaging, 90 and preventive maintenance. More information concerning medicine, astronomy, and defense is gathered below.
A. Medicine
Fauci et al. 95 described the history of infrared imaging in clinical trials. The advent of QWIP technology, the availability of high-speed and large-memory personal computers, and the shift of clinical modality from anatomical imaging to functional imaging open a new area of IR imaging for screening and diagnosing purposes. High thermal resolution is an essential requirement for medical imaging. The most demanding applications are those that involve the measurement of neuronal control of blood perfusion. The camera performance for these applications requires a sensitivity of FIG. 43 . ͑a͒ This clearly shows the tip of the nose is warmer than the surrounding tissue due to the enhanced metabolic activity ͑angiogenesis͒ of a skin cancer. ͑b͒ Shows a face with no skin cancer on the nose. Usually, nose and ears are cooler relative to the other parts of the face, because those extend out of the body ͑after Ref. 5͒. about 15 mK measured with a f/2 50 mm lens at a 20-ms integration time. QWIP is the only large format detector with great stability that fulfills this requirement. Moreover, the cost of a similar HgCdTe array is at least 10 times the cost of a comparable QWIP detector. The overall camera system cost will, as a result, increase by a factor of 2, which becomes very important from the point of view of producing a cost-effective medical imaging system.
It has been found that cancer cells exude nitric oxide, which causes changes of the blood flow in the tissue surrounding a cancer that can be detected by a sensitive thermal sensor. Recently, a midformat QWIP has been used in an instrument called BioScan System for dynamic area telethermometry ͑DAT͒. 5, 87 DAT involves the accumulation of hundreds of consecutive IR images and fast Fourier transform analysis of the biomodulation of skin temperature and microhomogeneity of skin temperature, which measures the perfusion of the skin's capillaries. The BioScan System can be also used in breast tumor detection, brain surgery, skin cancer detection, and leprosy treatment. In general, cancerous cells have a high metabolic rate and these cancerous cells recruit new blood supply; one of the characteristic of a malignant lesion. Therefore cancerous tissues are slightly warmer than the neighboring healthy tissues. Thus, a sensitive thermal imager can easily detect malignant skin cancers ͑see Fig. 43͒ .
B. Astronomy
QWIP's are attractive for use in astronomy because they offer good sensitivity, are very stable, are large-size devices that can be easily manufactured, and their operating temperatures are relatively high when compared to standard extrinsic silicon photoconductors used for astronomy goals ͑e.g., Si:As͒. Because of the narrow spectral range, QWIP's with a cutoff wavelength of 10 m operate at 25-30 K and are able to satisfy stringent dark current requirements, such as those imposed on the Next Generation Space Telescope ͑NGST͒.
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Other important properties of QWIP's are ͑i͒ extremely low 1/f noise and ͑ii͒ easy mating to existing CMOS multiplexers ͑since QWIP's are thin-layer structures, thermal mismatch may cause certain difficulties; 1024ϫ1024 pixel devices are planned͒.
The first astronomical observations with a QWIP FPA were described by Gunapala et al. 5, 87 An 8 -9-m 256 ϫ256 QWIP-based astronomical wide-field multicolor camera built at the Jet Propulsion Laboratory ͑JPL͒ has been designated for operation at the f/3 prime focus of the Palomar 5-m telescope. Operation at the prime focus affords a very wide FOV; 2 minutes of arc compared to 10-30 seconds of arc for traditional ground-based MWIR instruments. Figure 44 compares the composite near-infrared image ͑a͒ obtained by 2MASS, with an 8.5 m LWIR image ͑b͒ obtained with a QWIP FPA at the primary focus of the Palomar 5-m hale telescope. These images demonstrate the advantage of large format, stable ͑low 1/f noise͒ LWIR QWIP FPA's in surveying obscured regions in search for embedded or reddened objects such as young forming stars.
The JPL camera is designated to house up to three QWIP devices:
96 the existing 256ϫ256 pixel 8.5-m device, a 640ϫ512 pixel, 12.5-m device, and a 10.3-m device of unspecified format. This arrangement will allow simultaneous three-color imaging and enable rapid selection of interesting objects based on their MWIR colors. The selection of three bands is motivated by the properties of both the astronomical objects and the Earth's atmosphere. It has been found that many objects enshrouded in dust, exhibit a strong silicate absorption. The strength of this absorption peaks at 9.7 m. The transmission of the atmosphere is, in turn, characterized by a strong ozone feature at 9.5-10.0 m. Water vapor produces strong absorption at wavelengths Ͻ8 m and CO 2 absorbs wavelengths Ͼ13m. To obtain the best sensitivity, a compromise solution has been chosen to design QWIP's with the peak response at 8.5, 10.3, and 12. 5 m.
It is expected that QWIP's may have an even greater role to play in space-borne missions because of their higher operating temperatures. Examples of such missions ͑NGST and Interstellar Probe͒ were described by Ressler et al. 96 An impressive program of QWIP FPA's applications at the NASA/Goodard Space Flight Center was presented by Jhabvala. 90 The future of QWIP's at Goddard is diverse and still unfolding. The Hyperspectral QWIP Imager was developed to perform high altitude remote sensing.
C. Defense
The missile defense systems performed either in the endoatmosphere or exoatmosphere. Endoatmospheric interceptors and airborne surveillance sensors used for tactical applications typically observe warm targets with high background irradiance. Such applications require accurate measurement and subtraction of background irradiance to detect the target signal. In contrast, exoatmospheric interceptors and spacebased surveillance sensors used for strategic applications typically engage cool targets with low-background irradiance levels. The targets are often far away and unresolved at the early stage of detection. In strategic applications, where the scene is a space background and the targets are at relatively low temperatures, LWIR and VLWIR are very important FIG. 44 . Comparison of a composite near-infrared image obtained by 2MASS ͑a͒, with an 8.5-m LWIR image ͑b͒ obtained with a QWIP FPA at primary focus of the Palomar 5-m hale telescope. The S106 region displays vigorous star formation obscured behind dense molecular gas and cold dust, and extended nebular emission from dust heated by starlight. Thermalinfrared imaging can be used to assess the prevalence of warm ͑Ϸ300 K͒ dusty disks surrounding the stars in such regions. Formation of these disks is an evolutionary step in the development of planetary systems ͑after Ref. 5͒. bands. Improvement in surveillance sensors and interceptor seekers requires highly uniform large-area, multispectral IR FPA's covering the LWIR and VLWIR regions. The restrictions imposed on pixel uniformity in strategic IR FPA's are much more severe, because dead or degraded pixels could cause the target to be missed completely, and absolute radiometry, not imagery, is the method by which most target information is obtained. The space-based FPA's are usually designed with larger pixels, roughly equal to the blur spot of the optics. Taking into account the advantages of QWIP technology ͑large and uniform arrays͒, the Ballistic Missile Defense Organization ͑BMDO͒ supported extensive efforts to develop highly sensitive large FPA's based on QWIP's. 32, 33, 97 The operating temperature and cooldown time constitute a major consideration in such systems as missile seekers. Reconnaissance systems, however, require medium to large format FPA's and use closed-cycle cooling to reach operating temperatures of 77 K. The extra time and power needed to lower the temperature ͑e.g., 65 K for LWIR QWIP operation͒ is not significant if the integrated dewar/cooler assembly is designed well. In spite of theoretical speculations, it has not been shown conclusively that running a modern closed-cycle cooler at temperatures below 77 K degrades the life expectancy of the cooler.
A QWIP RADIANCE camera was used by the researchers at BMDO in a unique experiment to discriminate and identify clearly a cold-launch vehicle against its hot plume emanating from rocket engines. The temperature of coldlaunch vehicles is usually about 250 K, whereas the temperatures of the hot plume emanating from the launch vehicle may reach 950 K. Figure 45 indicates that the 4-m photon flux ratio of blackbodies at 250 K and 950 K, respectively is about 25 000, whereas the same photon flux ratio at 8.5 m is about 115. Therefore it is very clear that one must explore longer wavelengths for better discrimination between coldbody and hot plume because the highest instantaneous dynamic range of IR cameras is usually 12 bits ͑i.e., 4096͒ or less. Figure 46 shows the image of Delta-II launch taken with a QWIP RADIANCE camera.
D. High-frequency detection
Certain applications that were previously not feasible with HgCdTe detectors, the maximum electrical bandwidth of which remains approximately at 3 GHz, 7, 98 are now possible with QWIP's. When a CO 2 -laser local oscillator ͑LO͒ with HgCdTe detector is used for molecular spectroscopy, for example, the molecular line of interest must be within roughly 3 GHz of a CO 2 emission line. Because these emission lines are typically separated by at least 30 GHz, the vast majority of the frequency space between 9 and 11 m is undetectable. A similar problem occurs when a HgCdTe detector is used as a front-end mixer in coherent laser communications, where the maximum digital transmission rate is approximately 1 Gb/s.
In comparison with HgCdTe-based technology, GaAs/ AlGaAs QWIP's offer several advantages: higher electrical bandwidth, greater robustness and tolerance to high levels of LO power, and monolithic compatibility with GaAs HEMT amplifiers. 99, 100 The intrinsic high-speed capability is due to the inherently short carrier lifetime Ϸ5 ps.
In optical mixing experiments described in Ref. 101 , a CO 2 laser and a lead-salt tunable diode laser ͑TDL͒ were used as the sources of IR radiation. The CO 2 laser frequency was fixed, while the TDL frequency was tuned by varying its operating temperature. Liu et al. 102 carried out experiments with an intermediate frequency ͑IF͒ of up to 26.5 GHz.
Far beyond 26.5 GHz a direct measurement of the IF signal is very difficult because of two impediments; namely, the lack of a sufficiently sensitive preamplifier-analyzer combination and the difficulty in making a low-loss, broadband circuit that can be used to couple the weak IF signal from the QWIP. To extend the frequency range, Liu et al. 103 used a microwave mixing technique shown schematically in Fig.  47 . The technique is based on the nonlinearity present in the I-V curves of QWIP's associated with the transport of electrons in the absence of IR radiation. Because of this nonlinearity, the microwave signal is rectified and the measured change of the bias voltage is the response. As is shown in Fig. 47 , apart from two IR beams ͑as in conventional heterodyne experiments͒, an additional microwave excitation is applied to the QWIP. Let f IR1 and f IR2 denote the two IR frequencies and f wave the microwave frequency. The IR heterodyne frequency is then f het ϭ͉ f IR1 Ϫ f IR2 ͉, while the downconverted signal frequency is ͉ f het Ϫ f wave ͉. In this heterodyne detection technique very high f het frequencies up to 82.16 GHz have been achieved. The measured optical heterodyne signal ͑squares͒ and the up-and downconverted mixing signal ͑dots͒ are shown in Fig. 48 as a function of heterodyne frequency ( f het ) for a bias voltage of 2 V. The dashed and dotted lines are the expected roll-off behaviors due to the resistance-capacitance ͑RC͒ time constant of the device and the photocarrier lifetime.
E. Market data
From a market perspective, the QWIP technology is still in its infancy, although it is on the brink of acceptance. 104 The QWIP detector process methodology developed at JPL, culminating in the fabrication of midformat (256ϫ256), portable LWIR cameras, has been transferred to the commercial environment through QWIP Technologies LLC under agreement with Caltech. At present, QWIP Technologies LLC is involved in high-volume III-V-material processes developed for the cellular communications industry. The first product is the QWIP-Chip, a 320ϫ256 format QWIP FPA spectrally centered at 8.5 m with a 30-m pitch. Production ramped up to 100 QWIP-Chips per month by the first quarter of 2001. Also QWIP Technologies has begun low rate initial production of its second product in the QWIP-Chips line, a 640ϫ512 QWIP FPA.
The high-performance military market is currently dominated by other, more expensive technologies. This stance is, however, changing in favor of larger staring arrays and less expensive imagers, like those using QWIP FPA's.
In the U.S. alone, billions of dollars are spent annually on various types of imaging systems. In 2001, over $2 billion was spent on IR imaging systems, and the market is forecast to grow by 31% annually between 1999 and 2004 ͑see Fig.  49͒ . In 1996, IR FPA market was predominantly military ͑80% compared to 20% commercial͒. It is expected to change to 66% military and 34% commercial by 2004.
VII. CONCLUSIONS
The intention of this paper has been to compare the achievements of QWIP technology with those of competitive technologies, with the emphasis on the material properties, device structure, and their impact on FPA performance, especially in LWIR and VLWIR spectral regions.
At present, HgCdTe is the most widely used variable-gap semiconductor that has a privileged position both in the LWIR as well as VLWIR spectral ranges. The above discussion leads to a conclusion that LWIR QWIP cannot compete with HgCdTe photodiode as single devices, especially at higher operation temperatures ͑Ͼ70 K͒, due to the fundamental limitations associated with intersubband transitions. However, the advantage of HgCdTe is less distinct at temperatures below 50 K due to the problems inherent in the HgCdTe material ͑p-type doping, Shockley-Read recombination, trap-assisted tunneling, surface and interface instabilities͒.
Comparing photovoltaic HgCdTe and QWIP technologies, we arrive at the following conclusions:
͑i͒ Two major issues that impede the performance of QWIP's should be overcome: optical conversion efficiency and dark current.
͑ii͒ In the case of HgCdTe, the improvement in the array uniformity is necessary.
͑iii͒ QWIP seems to have more potential for LWIR and VLWIR FPA operation ͑also with multicolor detection͒.
The main drawback of LWIR QWIP FPA technology is that the device performance is limited to long integration time applications and low operating temperature. The main advantages are linked to the performance uniformity and to the ease of fabrication of large size arrays. The large industrial infrastructure in III-V material/device growth, processing, and packaging brought about by the extensive application of GaAs-based devices in the telecommunications industry gives QWIP's a potential advantage in producibility and cost. The only known use of HgCdTe, to date, is IR detectors. The main drawback of LWIR HgCdTe FPA technology is the unavailability of large size arrays necessary for TV and larger format.
Even though QWIP is a photoconductor, several of its properties, such as high impedance, fast response time, long integration time, and low power consumption, comply well with the requirements imposed on the fabrication of large FPA's. Due to a high material quality at low temperatures, QWIP has potential advantages over HgCdTe in the area of VLWIR FPA applications in terms of the array size, uniformity, yield, and cost of the systems. QWIP FPA's combine the advantages of PtSi Schottky barrier arrays ͑high uniformity, high yield, radiation hardness, large arrays, lower cost͒ with the advantages of HgCdTe ͑high quantum efficiency and long-wavelength response͒. It is also anticipated that the inherent QWIP polarization sensitivity can be exploited in IR imaging systems to discriminate between targets and decoys.
The performance figures of merit of state-of-the-art QWIP and HgCdTe FPA's are similar because the main limitations come from the readout circuits. Performance is, however, achieved with very different integration times. The very short integration time of LWIR HgCdTe devices ͑typically below 300 s͒ is very useful to freeze a scene with rapidly moving objects. Due to excellent homogeneity and low photelectrical gain, QWIP devices achieve an even better NEDT; the integration time, however, must be 10-100 times longer and typically is between 5 and 20 ms. The choice of the best technology is therefore driven by the specific needs of a system. Observation of the global market for the last few years indicates that even though LWIR HgCdTe photodiodes exhibit intrinsically higher performance than that of QWIP detectors, the market tendencies for the future are ͑i͒ HgCdTe for small formats ͑e.g., 128ϫ128), small pitch, high frame rates, and low integration times, and ͑ii͒ QWIP for large formats ͑e.g., 640ϫ480 and larger͒, low frame rates, and large integration time.
Powerful possibilities of the QWIP technology are associated with VLWIR FPA applications and multicolor detection. Three-band and four-band FPA's have been demonstrated.
Until now, efforts in the area of QWIP technology have been limited to increasing the operation temperature for tactical applications. The discussion presented in this paper indicates, however, that more effort should be directed toward developing QWIP for VLWIR strategic applications.
Despite serious competition from alternative technologies and progress slower than expected, HgCdTe is unlikely to be seriously challenged as far as high-performance applications ͑requiring multispectral capability and fast response͒ are concerned. The recent successes of competing detectors cooled cryogenically are due to technological, not fundamental issues. The steady progress in epitaxial technology can make HgCdTe devices much more affordable in the future. The much higher operation temperature of HgCdTe, compared to low-dimensional solid devices, may become a decisive argument in this case.
APPENDIX
Noise equivalent difference temperature
Detectivity provides only a limited insight into the suitability of IR detectors for specific IR systems. The objective criterion of performance of imaging devices is the noise equivalent difference temperature ͑NEDT͒; i.e., the difference in temperature of an object required to produce an electric signal equal to the rms noise voltage. While normally thought of as a system parameter, detector NEDT and system NEDT are the same except for system losses. NEDT is defined as
where V n is the rms noise and ⌬V s is the signal measured for the temperature difference ⌬T. It can be shown that 105 NEDTϭ͑C BLIP ͱN w ͒
Ϫ1 , ͑A2͒
where C is the thermal contrast which in the MWIR band at 300 K is 3.5%-4% compared to 1.6% for the LWIR band. N w is the number of photogenerated carriers integrated for one integration time t int :
The percentage of BLIP, BLIP , is simply the ratio of photon noise to composite FPA noise:
͑A4͒
It results from the above formulas that the charge handling capacity of the readout, the integration time linked to the frame time, and dark current of the sensitive material become the major issues of IR FPA's. The NEDT is inversely proportional to the square root of the integrated charge, and therefore the greater the charge, the higher the performance.
The distinction between integration time and FPA's frame time must be noted. At high backgrounds it is often impossible to handle the large amount of carriers generated over a frame time compatible with standard video rates. Off-FPA frame integration can be used to attain a level of sensor sensitivity that is commensurate with the detector-limited D* and not the charge-handling-limited D*.
a. Photon detectors
The sensitivity of an IR system can be expressed in a variety of ways. 106 In this paper we follow the paper recently published by Kinch. 20 The limiting factor of detector sensitivity is the fluctuation in the relevant carrier concentration since this determines the minimum observable signal. This fluctuation is envisioned by assuming that the detector current is integrated on a capacitive node, giving a variance
where g is the gain, I d is the detector dark current, I B is the background flux current, and int is the integration time.
The noise equivalent flux ͑also named as the minimum observable signal͒ is given by
where represents the overall quantum efficiency of the detector, including the internal quantum efficiency. Using last two equations, the noise equivalent flux can be described as where (d⌽ B /dT)/⌽ B ϭC is the scene contrast. For unlimited available capacity, N 1/2 varies as g, and ⌬⌽ and NEDT are independent of the gain g. However, for a limited maximum well capacity N, both bandwidth ͑⌬f͒ and NEDT will very as g. These parameters depend on specific system and detector quantities such as area and bandwidth, where bandwidth is defined as ⌬ f ϭ1/2.
b. Thermal detectors
In the case of a thermal detector, the limiting temperature fluctuation is given by 16, 18 ⌬T n ϭ ͩ where (dP/dT) is the differential change in radiated power per scene temperature change in the spectral region of interest. The integration time should fulfill the condition int Ϸ2R th C th to avoid image smearing. The maximum value of R th is given by the radiative coupling with the upper limit equal 4ϫ10 8 K/W for a 1 mil pixel size. For micromachined resonant cavity bolometers with f/1 optics, there is a finite limit of detector thickness. Typically tϭ3000 Å. For 1 mil pixel size a volumetric specific heat is about 2 J/cm 3 K.
GaAsÕAlGaAs QWIP's a. Thermal generation
The carrier generation rate from the QW's due to optical phonons may be obtained as 107 In these equations, L p is the mean well spacing, m* is the electron effective mass, k is the Boltzmann constant, E phon is the phonon energy, and I 1 is a dimensionless integral close to 2 in the 8 -12 m range for a quasibound upper state. Moreover, ⌬E co is the cutoff energy defined as ⌬E co ϭhc/ c ϭV b ϪE 1 (V b is the barrier energy of the QW, and c is the cutoff wavelength͒, 1/⑀ p ϭ1/⑀ ϱ Ϫ1/⑀ 0 (⑀ ϱ and ⑀ 0 is the dielectric permittivity at infinite and zero frequency, respectively͒,
G
does not depend on L p and is therefore a more fundamental quantity of a QWIP, in contrast to n s2 and . The following parameters have been assumed: m*ϭ0.067m 0 , ⑀ p ϭ63⑀ 0 , E phon ϭ36 meV, n s1 ϭ2ϫ10 11 cm Ϫ2 , and N QW ϭ50.
b. Quantum efficiency
An unpolarized double-pass quantum efficiency ͑at a 45°a ngle of incidence͒ is equal to
where l is the total active superlattice length. The factor of 2 in the exponent of Eq. ͑A18͒ accounts for a double pass and the factor 2 in the denominator accounts for the unpolarized beam.
As Levine has discussed, the behavior of results from the fact that the net quantum efficiency is composed of two components. One is the optical absorption quantum efficiency a ͑e.g., the fraction of the unpolarized incident photons which are absorbed by the intersubband transition͒. The other factor is the probability p e that a photoexcited electron will escape from the quantum well and contribute to the photocurrent, rather than being recaptured by the originating well. That is, we can express the total ͑net͒ quantum efficiency as ϭ a p e .
, in s, ͑A21͒
where ϭm e */m h * is the ratio of the conduction to the heavy-hole valence-band effective masses, ⑀ s is the relative static dielectric constant, and F 1 and F 2 are the overlap integrals of the periodic part of the electron wave functions. Ϫn structure͒ the performance of both types of photodiodes is comparable for a given cutoff wavelength and temperature.
InSb photodiodes
InSb photodiodes are generally fabricated by impurity diffusion and ion implantation. Epitaxy is not used; instead, the standard manufacturing technique begins with bulk n-type single-crystal wafers with a donor concentration of about N d ϭ10 15 cm Ϫ3 . The Shockley-Read recombination centers are an intrinsic characteristic of n-type InSb. The electron and hole lifetimes are equal because in n-type material there is a single set of recombination centers. The electron and hole carrier lifetimes of high-quality material at temperatures below 130 K obey the expression 110 ϭ 4.4ϫ10 8 
N d , in s ͑A23͒
The thermal generation can be described by
Extrinsic photoconductors
At the low temperature of operation of impurity photoconductors ͑when kTӶE d and nӶN d , N a ) , the thermal equilibrium free-charge carrier in an n-type extrinsic semiconductor with a partially compensated singly ionized level is equal to 111, 112 n th ϭn ma j ϭ N c 2 ͩ
͑A25͒
Here N c is the density of states in the conduction band, N d is the donor concentration, N a is the compensating acceptor concentration, and E d is the bonding energy of the donor relative to the conduction band.
The majority carrier lifetime is determined by the density of empty ͑ionized͒ donor levels and, for low temperatures, such that n ma j ϽN a ϽN . To maximize the quantum efficiency, the thickness of the detector crystal should be not less than about 0.1 cm. Typical quantum efficiencies are in range of 10%-50% at the response peak.
